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CONVERSION  FACTORS,  US  CUSTOMARY 
AND  METRIC  TO  SI  UNITS  OF  MEASUREMENT 


Metric  and  U.S.  customary  units  of  measurement  used  in  this 
report  can  be  converted  to  SI  units  as  follows. 


TO  CONVERT 

TO 

MULTIPLY 

B” 

Lensth 

inches  (in.) 
inches  (in.) 

millimeters  (mm) 
meters  (m) 

25.40 

0.0254 

feet  (ft) 
miles  (miles) 
yards  (yd) 

meters  (m) 
kilometers  (km) 
meters  (m) 

0.305 

1.61 

0.91 

Area 

square  inches  (sq.  in.) 
square  feet  (sq.  ft.) 
square  yards  (sq.  yd.) 
acres  (acre) 
square  miles  (sq  miles) 

square  centimeters  (cm^) 
square  meters  (m^) 
square  meters  (m^) 
square  meters  (m^) 
square  kilometers  (km2) 

6.45 

0.093 

0.836 

4 04  7 

2.59 

Volume 

cubic  inches  (cu  in. ) 
cubic  feet  (cu  ft.) 
cubic  yards  (cu  yd.) 

cubic  centimeters  (cm^) 
cubic  meters  (m^) 
cubic  meters  (m^) 

16.4 

0.028 

0.765 

Mass 

pounds  (lb) 
tons  (ton) 

kilograms  (kg) 
kilograms  (kg) 

0.453 
907 . 2 

Force 

one  pound  force  (Ibf) 
one  kilogram  force  (kgf) 

newtons  (N) 
newtons  (N) 

4.45 

9.81 

Pressure 

or 

Stress 

pounds  per  square  foot  (psf) 

pounds  per  square  inch  (psi) 

kilogram  force  per  square 
centimeter  (kgf/cm^) 

newtons  per  square  meter (N/m^ 
or  pascals  (Pa) 
kilonewtons  per  square  meter 
(kN/m2)  or  kilopascals  (kPa) 
Kilonewtons  per  square  meter 
(kN/m  ) or  Kilopascals  (kPa) 

) 

47.9 

6.9 

98.07 

Liquid 

Measure 

gallon  (gal) 
acre-feet  (acre-ft) 

cubic  meters  (m^) 
cubic  meters  (m^) 

0.0038 

1233 

Quantity 
of  Flow 

gallons  per  minute  (gal/mln) 

cubic  meters  per  minute (m^/min)  0.0038 

Unit 

Weight 

pounds  per  cubic  foot  (pcf) 

grams  per  cubic  centimeter 
(gm/cm^) 

Kilonewtons  per  cubic 
meter  (kN/m^) 

Kilonewtons  per  cubic 
meter  (kN/m^) 

0.1572 

9.807 

CYCLIC  STRENGTH  OF  UNDISTURBED  SANDS 
FROM  NIIGATA,  JAPAN 


CHAPTER  I 


INTRODUCTION 


Background 


A better  understanding  of  ways  to  investigate  the 


liquefaction  potential  of  natural  soil  deposits  is  required 


to  protect  people  and  property  during  earthquakes. 


There  has  been  a long  history  of  soil  instability 


induced  by  earthquakes  resulting  in  landslides,  flowslides 


and  building  damage  (Newmark,  1965;  Seed,  1968,  Seed,  1969). 


Some  of  the  most  devastating  of  these  failures  recorded  in 


recent  years  have  been  associated  with  soil  liquefaction 


where  during  seismic  shaking,  cohesionless  soils  loose  all 


strength  and  are  no  longer  able  to  support  overlying  struc- 


tures (Ambraseys  and  Sarma,  1969;  Dixon  and  Burke,  1973; 


Kuribayashi  and  Tatsuoka,  1975) . One  of  the  most  important 


examples  of  liquefaction  damage  occurred  in  Niigata,  Japan, 


in  1964  where  the  soil  under  bridges  and  buildings  liquefied 


causing  severe  damage.  Intense  study  of  the  mechanism  and 


mode  of  liquefaction  failure  at  Niigata  forms  the  basis  of 


our  present  day  design  procedures  to  prevent  or  reduce 


liquefaction  induced  failure. 
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TABLE  1 


FLOWCHART  OF  RESEARCH  ON  UNDISTURBED  SAMPLING 
AND  TESTING  OF  SANDS  FROM  NIIGATA,  JAPAN 


Note: 


- - indicates  work  not  described  in  this  report 


were  developed  to  prevent  sample  disturbance  between  the 
field  and  the  laboratory. 


3.  Specimens  were  obtained  for  studies  to  define 
undisturbed  soil  fabric  as  a step  in  determining  how  to 
successfully  model  insitu  soil  fabric  with  reconstituted 
specimens  in  the  laboratory.  (These  results  will  be 
reported  on  in  a future  study  being  conducted  by  others) . 

4.  Laboratory  cyclic  triaxial  strength  tests  (lique- 
faction tests  ) were  performed  on  these  undisturbed 
specimens  to: 


A.  Define  the  cyclic  strength  of  Niigata  sands 
that  can  be  mobilized  in  future  earthquedces. 

B.  Compare  the  cyclic  strength  in  soil  layers 
that  liquefied  and  that  did  not  liquefy 
during  the  1964  earthquake. 

C.  Evaluate  the  relationship  between  soil  index 
properties  (grain  size  distribution,  grain 
shape,  relative  density,  specific  gravity) 
and  the  cyclic  soil  strength  of  undisturbed 
specimens. 

D.  Evaluate  the  relationship  between  insitu 
soil  characteristics  (N  value,  relative 
density,  insitu  density)  and  the  cyclic 
soil  strength  of  undisturbed  specimens. 
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CHAPTER  2 
SOIL  SAMPLING 

Introduction 

For  all  classes  of  civil  engineering  projects,  there  has 
always  existed  a need  to  obtain  good  undisturbed  samples  of 
sand  from  below  the  water  table  that  retain  the  structure  and 
density  of  the  sampled  sand  layer.  Likewise,  for  the  experi- 
mental work  performed  at  Niigata,  undisturbed  samples  were 
required  1)  to  determine  in-place  density  of  subsurface  soils; 

2)  to  provide  specimens  for  laboratory  static  and  cyclic  soil 
strength  testing  (liquefaction  testing)  and  3)  to  provide 
specimens  for  fabric  studies.  Thus  great  effort  was  devoted 
to  the  selection  of  both  appropriate  sampling  techniques  and 
sample  handling  methods  since  the  success  of  the  experimental 
program  would  be  dependent  on  the  quality  of  the  samples  ob- 
tained in  the  field. 

Throughout  this  report  the  term  "undisturbed  sample"  is 
defined  as  a bore  hole  sample  taken  and  handled  with  great 
care  to  minimize  changes  between  insitu  and  sampled  density 
and  fabric.  However,  no  control  of  possible  disturbance 
caused  by  the  change  in  stress  from  the  anisotropic  insitu 
state  to  the  isotropic  sampled  state  is  possible. 

It  was  considered  advantageous  to  avoid  placing  full  depend- 
ence on  the  use  of  only  one  field  seunpling  technique  at  Niigata. 
For  example,  side  by  side  use  of  two  sampling  techniques  provides 
an  excellent  independent  check  on  the  degree  of  sample  disturbance 
through  comparison  of  measured  insitu  density  and  cyclic  strength 
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values  between  the  two  kinds  of  samples.  Another  advantage  of  I 

side  by  side  sampling  using  different  techniques  is  that  it  I 

provides  an  opportunity  of  comparing  Japanese  and  U.S.  sampling 
procedures.  Such  a comparison  provides  a useful  tool  to  correlate  » 

the  results  of  Japanese  and  U.S.  research  for  all  classes  of  I 

geotechnical  problems . 

This  chapter  describes  1)  the  basis  used  to  select  U.S. 
and  Japanese  samplers  for  use  at  Niigata;  2)  the  equipment  and 
the  field  procedures  used  for  sampling  and  3)  a new  sample  handling 
technique  that  uses  freezing  to  prevent  volume  change  of  loose 
sands  after  sampling  and  before  laboratory  testing. 

Sampling  and  Scunple  Handling  Requirements 

It  is  generally  considered  that  many  existing  soil  samplers 
do  not  provide  satisfactory  soil  specimens  from  cohesionless 
soil  layers.  In  general,  many  samplers  densify  loose  cohesionless 

I 

materials  and  loosen  dense  materials.  The  result  is  that  samples 
brought  to  the  surface  do  not  exhibit  the  same  density  as  the  j 

soil  layer  being  sampled.  Moreover,  the  fabric  of  the  sand  is  i 

often  disturbed.  j 

To  avoid  these  problems,  alternative  techniques  involving  | 

soil  freezing  and  coring,  and  the  digging  of  test  shafts  from 
which  block  seunples  are  laborously  cut  have  been  used  in  impor- 
tant  engineering  projects.  However,  the  cost  of  such  techniques  | 

is  quite  high  and  can  generally  only  be  justified  for  the  most 
important  engineering  projects. 

I 

Moreover,  even  if  good  samples  are  obtained  from  bore  holes 
or  from  test  pits,  a further  problem  arises  during  sample  handling 
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and  transportation  to  the  Iciboratory.  Often  sample  hemdling  is 
out  of  control  of  the  project  engineer  and  sample  disturbance 
caused  by  dropping  of  the  core  tubes,  bumping,  or  improper  hand- 
ling techniques  cannot  be  avoided  nor  can  the  testing  engineer 
know  the  magnitude  of  the  dusturbance  caused  by  such  improper 
handling. 

From  the  above  discussion  it  can  be  seen  that  Scunpling 
techniques  are  required  that  will  retain  the  insitu  density  and 
fabric  of  soils  at  a reasonable  engineering  cost.  In  addition, 
methods  are  required  to  reduce  sample  disturbance  during  shipping 
and  storage  between  the  sampling  site  and  the  soil  laboratory. 

Selection  of  Samplers  Used  at  Niigata 

Recent  sampling  trends  in  Japan  favor  the  use  of  large  dia- 
meter samplers  to  meet  the  requirements  described  above  to  obtain 
undisturbed  specimens  of  sand  from  below  the  water  table.  Recent 
studies  of  soils  at  the  Ohgishima  land  fill  project  near  Tokyo,  at 
the  site  of  the  Kawagishicho  apartment  house  failures  in  Niigata 
and  at  other  sites  (Hanzawa  and  Matsuda,  1978)  used  the  Bishop 
(1948)  Sampler  to  obtain  specimens  for  insitu  density  determina- 
tions. While  it  was  concluded  that  good  insitu  density  values 
were  obtained,  it  was  felt  that  the  diameter  of  the  specimen  was 
too  small  (53  mm  ID;  2.1  in  ID)  to  preserve  the  fabric  of  the  sand 
and  that  samplers  with  a diameter  on  the  order  of  200  mm  (8  in) 
are  needed  to  provide  good  samples. 

Sampling  trends  in  the  U.S.  favor  the  use  of  fixed  piston 
samplers  to  obtain  good  undisturbed  specimens  of  sand.  Relative- 
ly large  specimens  are  considered  necessary  for  good  testing  and 
many  samplers  provide  specimens  71  mm  (218  in.)  in  diameter, 
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which  has  become  a standard  soil  specimen  size  for  laboratory 
testing.  Many  fixed  piston  samplers  have  been  developed  over 
the  years  (Hvorslev,  1949)  using  either  an  internal  rod  or 
some  down  hole  method  to  hold  the  piston  stationary  during 
sampling.  The  advantages  and  disadvantages  of  different  fixed 
piston  sampling  techniques  have  been  debated  extensively,  how- 
ever it  is  generally  felt  that  down  hole  piston  fixation  requires 
less  equipment  and  is  a faster  and  cheaper  Scunpling  technique 
than  methods  that  employ  inner  rods  attached  to  the  soil  piston. 

Based  on  the  discussion  presented  above,  two  soil  samplers 
were  used  at  Niigata:  a newly  designed  large  diameter  sampler 
and  the  Osterberg  fixed  piston  sampler.  The  characteristics  and 
field  operation  of  these  samplers  is  explained  in  subsequent 
sections. 


Japanese  I,arqe  Diameter  Sampler 

A new  large  diameter  sampler  was  developed  for  this  project 
by  the  Japanese  to  provide  undisturbed  specimens  for  1)  insitu 
density  determinations;  2)  liquefaction  testing  and  3)  fabric 
studies. 

A review  of  the  fundamentals  of  good  soil  sampling 
(Hvorslev,  1949)  indicated  that  a satisfactory  sampler  for 
cohesionless  soils  should  have  the  following  characteristics: 

1.  The  sampler  must  have  a large  diameter  to  minimize 
side  friction  and  resulting  soil  disturbance. 

2.  The  sampler  should  be  relatively  short  compared 
to  its  diameter  to  prevent  specimen  shortening 
and  incorrect  measures  of  in-place  density. 
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3.  The  sampler  should  be  split  to  make  it  possible 
to  observe  soil  layering  in  the  field  and  to  make 
possible  multiple  density  checks  at  different 
locations  in  the  sample. 

4.  Any  core  restraining  device  must  not  disturb 
the  specimen . 

Figures  2 and  3 show  a schematic  diagram  of  the  large  diameter 
soil  sampler  developed  to  meet  these  criteria.  The  sampler  is 
200  mm  (8.0  in)  in  inner  diameter,  1000  mm  (25  in)  high,  and  has 
a wall  thickness  of  8.2  mm  (0.32  in).  The  core  barrel  consists 
of  two  steel  halves  which  are  clamped  together  during  the  drilling 
process,  but  which  are  unlocked  after  sampling  to  expose  the 
specimen  in  the  field  for  evaluation  of  the  quality  of  the  soil 
sample  and  to  obtain  small  undisturbed  specimens. 

The  cutting  bit  at  the  bottom  of  the  core  tube  contains 
the  core  catcher  used  to  prevent  the  washing  out  of  sand  as  the 
sampler  is  withdrawn  from  the  bore  hole. 

The  core  catcher  consists  of  two  pieces  of  stainless  steel 
screen  which  are  folded  and  held  within  the  cutting  bit.  The 
screens  are  connected  by  a cable  that  extends  to  the  surface. 

During  the  coring  process,  the  screens  rest  inside  of  the  cavity 
in  the  cutting  bit.  After  the  sampler  is  advanced,  the  cables  are 
pulled,  which  closes  the  screens  securely,  cutting  off  the  sand 
at  the  bottom  of  the  sample  and  restraining  the  sand  from  falling 
out  as  the  sampler  is  lifted  to  the  surface. 

Sampling  Procedure;  One  of  the  reasons  why  large  diameter 
scunplers  have  not  been  routinely  used  in  the  past  is  because 
large  reactions  are  required  to  push  the  sample  into  the  soil 
deposit.  In  the  Niigata  drilling,  four  earth  anchors  spaced  at 
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2 m (6.5  ft)  from  the  drill  hole,  as  shown  in  Figure  4,  were 
used  to  house  earth  anchors.  The  anchors  were  set  in  drill 


holes  at  a depth  of  40  m (66  ft)  prior  to  the  drilling  of  the 
bore  hole.  A steel  frameworJc  was  used  to  transfer  the  force 
from  the  anchors  to  the  hydraulic  jaclt  used  to  push  the  soil 
sampler  into  the  soil  deposit.  The  jac)c  itself  had  a capacity 
of  20  tonnes  (10,000  lb)  and  was  operated  with  a hydraulic  pump 
The  bore  hole  was  advanced  conventionally  with  a fishtail 
bit  modified  with  baffles  that  directed  the  drilling  fluid 
upward  away  from  the  bottom  of  the  hole  so  that  sand  disturbance 
at  the  bottom  of  the  bore  hole  was  minimized.  Continuous  casing 
was  used  and  drilling  mud  was  always  maintained  at  the  top  of 
the  casing.  After  the  boring  had  been  advanced  to  the  required 
sampling  depth,  the  casing  was  lowered  to  the  bottom  of  the  hole. 
The  bit  was  then  removed  and  the  sampler  was  introduced  into 
the  bore  hole  and  lowered  to  the  bottom.  At  the  same  time  the 
cable  to  the  core  catcher  was  retained  at  the  surface,  being 
careful  not  to  pull  on  the  screen  during  the  lowering  process. 
Once  the  sampler  was  put  in  place,  the  hydraulic  jack  was  moved 
into  position  over  the  drill  rod  and  secured  to  the  reaction 


framework.  Then  hydraulic  pressure  was  applied  to  the  jack 
gradually  so  that  the  sampler  was  advanced  slowly  at  the  rate 
of  2 cm/min  (0.8  in/min)  so  that  excess  pore  pressures  were 
not  induced  by  the  sampling  operation.  Moreover,  the  Scunple 
tube  was  pushed  to  a prescribed  depth  so  that  overdriving 
did  not  density  the  soil.  In  general  it  was  found  that  a 
force  of  800  kg  (1800  lb)  was  required  to  advance  the  sampler 
in  the  loosest  soil  while  a force  of  1800  kg  (4000  lb) 
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could  not  advance  the  sampler  in  the  densest  soils. 

Once  the  sampler  had  been  pushed  the  required  distance, 
the  drill  rod  was  clamped  so  that  it  could  not  move  and  the  core 
catcher  cable  was  pulled  about  8 cm  to  close  the  core  catcher  net 
located  above  the  cutting  bit.  Forces  on  the  order  of  400  kg 
(900  lb  ) measured  with  a scale,  were  required  to  close  the  net. 

The  cable  was  then  clamped  to  keep  the  net  closed  while  the  piston 
withdrew  the  sampler  from  the  bore  hole.  Then,  very  slowly,  the 

drill  rod  was  withdrawn  from  the  bore  hole  while  drilling  mud  ‘ 

i 

was  continuously  kept  to  the  top  of  the  casing.  The  water  I 

remaining  above  the  sample  and  in  the  pores  of  sand  was  allowed 
to  drain  fully  through  several  small  holes  drilled  in  the  wall 
of  the  core  barrel. 

When  the  sampler  was  just  about  at  the  top  of  the  casing  and 
just  before  it  broke  the  surface  of  the  drilling  mud,  a hand  held 
cap  was  placed  against  the  soil  to  prevent  the  loss  of  any  sand 
when  the  hydraulic  suction  was  lost  when  the  sample  cleared  the 
water.  Then  the  Scimpler  was  removed  from  the  bore  hole  and  the 
drilling  fluid  and  retained  in  the  vertical  position  to  drain 
excess  water.  The  sampler  was  then  removed  from  the  drill  rod 
and  held  vertically  for  at  least  four  hours  to  allow  excess  water 
to  drain  from  the  sample.  In  this  way  the  capillary  tensions 
of  the  pore  fluid  in  the  voids  of  the  soil  were  used  to  prevent 
fabric  changes  or  density  changes. 

Quality  of  the  Sample;  Figure  5a,  picturing  a typical  soil 
, sample,  shows  that  the  quality  of  the  sample  was  excellent.  It 

I was  generally  found  by  visual  inspection  that  horizontal  layers 

I were  kept  intact  and  that  lenses  of  coarse  sand,  fine  sand,  and 
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silt  were  undisturbed,  clear  and  sharp.  Moreover,  almost  no 
side  drag  was  evident  on  the  sides  of  the  core  barrel.  It  seemed 
that  a slight  coating  of  bentonite  mud  lubricated  the  sides  of 
the  sampler  as  it  was  driven  into  the  soil  and  prevented  friction 
from  developing. 

Specimen  Preparation;  To  avoid  the  problems  of  sample 
disturbance  that  are  associated  with  the  transportation  of  a 
large  sample  to  the  laboratory,  small  specimens  were  obtained  in 
the  field  using  thin  1 mm  (0.039  in)  thic)c  brass  tubes  50  mm  (2  in)  in 
diameter  by  100  mm  (4  in)  long.  These  tubes,  provided  with  a 
sharp  cutting  edge  to  minimize  specimen  disturbance  and  a longi- 
tudinal slit  to  aid  sample  extrusion,  were  pushed  into  the  large 
diameter  sample  which  was  positioned  horizontally  and  supported 
on  a cradle  for  stability  (Fig.  5b) 

The  core  barrel  of  the  sampler  provided  lateral  restraint 
that  prevented  lateral  displacement  of  the  sand  while  the  small 
diameter  tubes  were  being  inserted.  In  addition,  outward 
movement  of  the  back  surface  of  the  large  diameter  sample  was 
prevented  by  a wooden  plug  held  tightly  against  the  rear  sand 
surface . 

To  obtain  the  small  specimens,  the  brass  tubes  were  first 
inserted  carefully  into  the  sand  at  the  front  face  of  the  large 
dicuneter  sample.  Next,  the  upper  half  of  the  split  core  barrel 
was  pushed  backward  exposing  the  intact  sand  surface,  pictures 
of  the  sand  layering  were  taken,  and  the  small  specimens  were 
carefully  dug  out  from  the  large  sample.  This  proceedure  was 
then  repeated  for  the  next  intact  portion  of  the  sample. 


It  was  found  that  it  was  possible  to  obtain  as  many  as  12 
small  diameter  tube  specimens  from  each  large  diameter  sample. 
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In  addition,  because  of  the  size  of  the  sampler,  it  was  possible 
to  take  both  vertically  and  horizontally  oriented  specimens. 

Osterberg  Sampler 

An  Osterberg  sampler,  a relatively  simple  to  use  hydraulical- 
ly-operated piston  sampler  (Osterberg  1952) , was  used  in  an 
adjacent  bore  hole  along  side  the  Japanese  Large  Diameter  sampler 
to  obtain  undisturbed  specimens  from  Niigata,  Japan. 

Sampler  description  and  operation:  In  operation,  the  sampler 
was  lowered  to  the  bottom  of  a previously  drilled  and  cleaned  out 
bore  hole  as  shown  in  Fig.  6a,  until  it  just  made  contact  with 
the  soil  surface.  The  drill  rod  was  clamped  and  water  pressure 
was  applied  through  the  drill  rod  forcing  down  a piston  to  which 
was  attached  a thin  wall  sampling  tube  (Fig.  6b).  A second 
piston  (the  fixed  piston  inside  the  sampling  tube)  was  connected 
to  the  sampler  head  by  a hollow  rod.  As  the  piston  was  forced 
down  in  the  pressure  chamber,  air  in  the  sampler  tube  escaped 
through  the  hollow  rod  and  check  valve.  The  clamped  drill  rod 
provided  the  reaction  for  pushing  the  tube. 

When  the  piston  had  reached  its  full  stroke  and  the  sampling 
tube  had  penetrated  its  full  depth  into  the  soil,  the  water- 
pressure  was  automatically  relieved  through  a hole  in  the  hollow 
piston  rod  and  through  a check  valve  (Fig.  6c) . The  sampler  was 
then  turned  1-4  revolutions  to  engage  a friction  clutch  that  held 
the  inside  tube  and  outside  tube  together  in  order  to  break  off 
soil  at  the  bottom  of  the  tube.  The  sampler  was  then  slowly 
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Picture  of  Osterberg  Sampler  and  Drilling  Rig  and  

Schematic  Representation  Showing  the  Operation  of  the 
Osterberg  Sampler.  A)  Seunpler  is  set  into  the  bore  hole. 

B)  Sampling  tube  is  pushed  hydraulically  into  the  soil. 

C)  The  pressure  is  relieved  through  a hole  in  the  piston 
rod. 
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removed  from  the  bore  hole. 

Sampling  Procedure;  Sampling  using  the  Osterberg  sampler 
at  Niigata  was  performed  in  a mud  filled  bore  hole  100  mm  (4.5  in) 
in  diameter  advanced  with  a fish  tailed  bit  modified  with  baffles 
that  directed  the  drilling  fluid  upward  away  from  the  bottom  of 
the  bore  hole  to  reduce  soil  disturbance.  Casing  in  the  top 
2m  (6  ft)  of  the  boring  and  a mud  level  above  the  ground  water 
table  were  used  to  prevent  caving  of  the  hole. 

Pressure  to  push  the  Osterberg  sampler  was  supplied  by  the 
mud  circulation  pump.  It  was  found  that  pressures  on  the  order  of 
1000KN/m2  (150  psi)  were  required  to  drive  the  piston.  The  reactions 
for  the  sampler  was  provided  by  clamping  the  drill  rod  to  the 
drilling  engine.  Some  difficulty  was  experienced  when  talcing  deep 
samples  in  materials  with  Standard  Penetration  Test  (SPT)  resistance 
on  the  order  of  N=20  when  the  reaction  was  found  to  be  insufficient 
and  the  drilling  machine  was  lifted  off  the  ground.  (A  large  truck  I 

mounted  drilling  rig  would  have  provided  more  reaction  but  such 
equipment  does  not  exist  in  Japan  because  it  can  not  be  used  in 

the  narrow  streets  found  in  Japanese  urban  areas).  However,  no  ' 

difficulty  in  providing  a satisfactory  reaction  was  encountered 


when  taking  samples  in  the  relatively  loose  materials  that  were  ^ 

found  to  predominate  at  Niigata. 

While  the  Scunpler  was  being  withdrawn  from  the  bore  hole,  fresh  j 

drilling  mud  was  introduced  into  the  bore  hole  to  prevent  caving.  1 

When  the  sampling  tube  just  cleared  the  mud  surface  a small  amount 
f of  soil  was  removed  from  the  core-tube  and  an  expandable  o-ring  packer 

> was  introduced  into  the  tube  and  locked  to  prevent  the  loss  of  sand. 

i 
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Then,  a small  portable  battery  operated  drill  was  used  to  make  a 
small  hole  below  the  piston  to  break  the  vacuum  developed  by  the 
sampler  and  to  make  it  easier  to  remove  the  sample  tube.  After 
removing  the  sample  tube,  the  dimensions  of  the  sample  were 
obtained. 

The  bottom  packer  was  equiped  with  small  vertical  drainage 
holes  and  thus  when  the  vacuum  under  the  piston  was  released,  watei 
from  the  soil  voids  was  free  to  flow  out  of  the  sample.  Samples 
were  drained  for  24  hours  in  a vertical  position  to  prepare  them 
for  the  frozen  sample  handling  technique  described  in  the  next 
section. 

Specimen  Handling 

To  further  protect  the  density  and  insitu  fabric  of  the 
Osterberg  samples  and  the  large  diameter  samples  they  were 
quickly  frozen  in  liquid  nitrogen  in  the  field  and  stored  in  dry 
ice  while  they  were  transported  back  to  the  laboratory.  In  the 
laboratory  the  samples  were  stored  in  a commercial  ice  cream 
freezer  until  tested. 

This  freezing  technique  turned  out  to  be  a reasonably 
simple  way  to  handle  the  loose  sands  found  at  Niigata.  Important- 
ly, it  was  found  that  this  freezing  technique  did  not  change  the 
dimensions  of  the  specimens.  This  is  because  drainage  was  used 
to  clear  the  soil  voids  of  excess  water  and  only  provided  enough 
water  at  the  grain  to  grain  contacts  to  provide  particle  binding 
when  the  specimen  was  frozen.  In  general,  experience  using  this 
freezing  technique  has  shown  that  the  following  precautions  must 
be  followed  to  avoid  specimen  disturbance: 


1.  The  sample  must  be  carefully  drained  and  no  free  water 


must  remain  in  the  soil  voids.  Thus  freezing  can  best  be 
performed  on  relatively  clean  cohesionless  materials  since  the 
presence  of  fines  of  clay  or  silt  does  not  allow  for  satisfactory 
drainage.  Freezing  of  soil  when  the  voids  are  full  of  water  can 
produce  volume  increase  due  to  the  expansion  of  water  induced  by 
freezing. 

2.  A quick  freezing  technique  is  required  to  avoid  sample 
disturbance.  Liquid  nitrogen  provides  an  excellent  freezing 
source  and  dry  ice  can  be  used  while  transporting  the  specimens. 

The  quality  of  the  frozen  specimens  was  checked  by  noting  the 
specimen  volume  both  before  and  after  freezing.  No  measurable 
difference  was  noted.  It  was  also  found  that  the  spit  brass  tubes 
of  the  large  diameter  specimens  did  not  open  up  as  a result  of  freezing 
and  that  the  specimen  length  remained  constant  further  confirming 
that  freezing  did  not  disturb  the  specimens. 
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I CHAPTER  3 

[ FIELD  SITE  SELECTION  AND  SAMPLING 

I Introduction 

I To  achieve  the  goals  of  this  program  of  1)  assessing  the 

stability  in  future  earthquakes  of  sites  that  have  liquefied 
in  past  earthquakes  and  2)  comparing  the  cyclic  strength  of 
sites  that  did  and  did  not  show  evidence  of  liquefaction  under 
I strong  ground  shaking  in  past  earthquakes,  careful  consideration 

I 

i 

was  given  to  the  selection  of  a representative  sampling  site  in 
Niigata.  Fortunately,  such  a site  was  found  on  the  banks  of 
the  Shinano  River  adjacent  to  a new  flood  control  diversion 
dam  being  constructed  by  the  Office  of  the  Shinano  River  proj- 
ect of  the  Japanese  Ministry  of  Construction.  Thus,  investi- 
gations carried  out  at  this  site  provided  information  for  an 
additional  goal  of  predicting  the  stability  of  the  diversion 
dam  during  earthquakes. 

The  following  pages  1)  describe  the  features  of  the  diver- 
sion dam,  2)  give  the  history  of  deposition  in  Niigata  and 
at  the  site,  3)  physically  describe  the  site  and  4)  summarize 
the  field  sampling  and  boring  program. 

Flood  Control  Project 


The  purpose  of  the  flood  control  project  in  Niigata,  shown 
in  Fig.  7,  being  undertaken  by  the  Japanese  Ministry  of  Construc- 
tion, is  to  prevent  flood  waters  of  the  Shinano  River  from 


Japan  sea 


Concrete  dgm 


Fig.  7 Location  Map  and  Plan  of  Flood  Control  Project 
in  Niigata,  Japan. 
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passing  through  downtown  Niigata.  The  initial  pahse  of  this 
project  was  the  construction  of  a diversion  channel  in  1971 
connecting  the  river  upstream  from  downtown  Niigata  with  the 
Japan  Sea. 

The  final  phase  of  this  project  was  the  construction  of 
a cut-off  dam  slightly  downstream  of  the  diversion  channel. 

This  dam,  illustrated  in  Fig.  8 and  shown  schematically  in 
Fig.  9,  has  a total  length  of  290  m (950  ft.)  and  is  made  of 
a concrete  gate  section  (Fig.  8a)  130  m (426  ft.)  long  and  a 
soil  embankment  section  160  m (525  ft.)  long.  The  soil 
emban)tment  was  constructed  by  hydraulically  dredging  fine 
river  sand  from  a small  island  slightly  downstream  from  the  site 
of  the  dam  and  depositing  the  sand  pluvially  underwater  at  the 
dam  site. 

In  order  to  evaluate  the  seismic  stability  of  both  the 
concrete  and  the  sand  sections  of  the  dam,  an  evaluation  of 
the  liquefaction  potential  of  soils  below  the  river  bed  was 
required.  In  addition,  the  sand  fill  portion  of  the  dam  was 
placed  without  additional  compaction  and  thus  an  evaluation 
of  the  cyclic  strength  of  the  embankment  sand  as  a function 
of  density  was  required  to  evaluate  the  need  for  any  remedial 
sand  compaction  or  densif ication  at  the  site. 


Sand  Deposition  of  Shinano  River  and  1964  Earthquake 
Damage 

Some  fcimiliarity  with  the  history  of  soil  deposition  at 


Illustration  of  Diversion  Dam  being  constructed 
in  Niigata,  Japan,  a)  Concrete  gate  section  in 
north  half  of  river,  b)  Sand  fill  section  in 
south  half  of  river. 
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Fig.  9 Plan  and  Cross-Section  of  Concrete  and  Sand 
Diversion  Dam,  Niigata,  Japan. 
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Niigata  is  useful  in  order  to  understand  differences  in  the  j 

characteristics  of  underlying  soil  layers  and  to  understand 

the  damage  patterns  that  occurred  in  the  1964  earth-  j 

quake.  Such  a picture  is  presented  in  Fig.  10  which  graphically  j 

> 

shows  river  flow  patterns  in  Niigata  for  the  past  300  years.  | 

It  may  be  seen  that  both  the  Shinano  River  and  the  Agano  I 

River  have  consistently  meandered  over  the  site,  resulting  in 

alternate  cycles  of  scour  and  deposition  of  silt  and  sand.  | 

(Fig.  10  A to E ) . By  the  middle  of  the  18th  century,  the  area  j 

1 

consisted  of  low-lying  marshes,  sand  bars,  scour  holes,  and  ] 

braided  streams  (Fig.  106).  | 

Beginning  in  the  middle  of  the  18th  century,  agriculture  j 

was  encouraged  in  the  area  and  reclamation  of  low-lying  land  j 

was  undertaken  by  dumping  sand  in  water.  This  reclamation  j 

process  was  accelerated  following  the  Meiji  restoration  in 

1864  when  Niigata  became  an  important  sea  port  specializing  j 

in  trade  with  Russia.  Thus,  by  1926  the  Shinano  River  was 
channelized,  deep  scower  holes  were  filled,  and  adjacent  low- 
lying  swamps  were  reclaimed  (Fig.  lOH) . 

Fig.  11  shows  damage  patterns  in  Niigata  that  resulted 
from  the  1964  earthquake.  In  general,  no  significant  damage 
was  noted  in  Zone  A (a  beach  sand  deposit) , light  damage  was 
noted  in  Zone  B (an  older  stream  deposit) , and  heavy  to  cali- 
strophic  damage  was  noted  in  Zone  C (a  new  reclaimed  deposit) , 
which  was  immediately  adjacent  to  the  Shinano  River.  By 
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Fig.  10  History  of  river  flow  pattern  at  Niigatta, 

Japan.  A)  Orignial  straight  channel  - Shinano 
River  on  left  and  Agano  River  on  right. 

B)  Channel  becomes  tortuous.  C)  Channel  pattern 
in  1558-1573.  D)  Channel  in  1615.  E)  Channel 
in  1624-1644.  F)  Channel  in  1673-1688. 

G)  Channel  in  1744-1748  ( Agano  river  changes 
course  away  from  Niigata) . H)  Channel  in  1926 


Fig.  11  Map  of  Niigata  Showing  Damage  Patterns  Caused 
by  the  1964  Earthquake. 


comparing  the  shape  of  the  heavy  damage  in  Zone  C (Fig.  11) 
with  the  shape  of  the  Shinano  River  channelization  shown  in 
Fig.  lOG  and  lOH,  it  may  be  seen  that  heavy  dcimage  occurred 
in  heavily  reclaimed  areas.  Thus,  either  the  method  of  sand 
deposition,  the  age  of  the  deposit  or  both  factors  seem  to  be 
important  considerations  when  evaluating  the  liquefaction 
characteristics  of  soil  deposits. 

Location  of  Test  Site 

As  previously  discussed,  a key  objective  of  this  field  and 
laboratory  program  was  to  study  the  behavior  of  undisturbed 
soil  specimens  from  areas  at  Niigata,  Japan  that  showed  severe 
evidence  of  liquefaction  in  the  1964  earthquake  and  from  areas 
where  surface  evidence  of  liquefaction  was  absent.  However, 
such  a meaningful  comparison  requires  the  selection  of  two 
sites  close  enough  together  to  ensure  that  the  soil  profile 
is  essentially  the  same  with  respect  to  grain  size  distribution, 
grain  shape,  and  geologic  history  in  terms  of  method  of  soil 
deposition.  Two  sites  meeting  this  criteria  were  found  on 
the  south  bank  of  the  Shinano  River  adjacent  to  the  site  of 
the  diversion  dam  being  constructed  by  the  Japanese  Ministry 
of  Construction.  The  location  of  these  sites,  named  the  river 
site  and  the  road  site, are  shown  in  Figs.  11  and  12. 

The  river  site  was  located  approximately  10  meters  (33  ft.) 
from  the  right  bank  of  the  Shinano  River  on  approximately  level 


Fig.  12  Map  Showing  Location  of  the  River  Sampling 
Site  and  the  Raod  Sampling  Site. 


ground  (Fig.  13) . Following  the  1964  earthquakes,  damage 
surveys  reported  severe  evidence  of  liquefaction  at  this  loca- 
tion in  the  form  of  surface  cracking  (approximately  parallel 
to  the  river  axis)  and  in  the  form  of  sand  volcanoes.  The 
area  v«as  in  the  flood  plain  of  the  river.  Up  to  approximately 
19C5,  this  area  was  about  4 m (13  ft.)  lower  and  was  the  bed 
of  the  Shinano  River.  Subsequently,  this  area  was  reclaimed, 
most  likely  by  constructing  a dike  along  the  river  channel 
and  by  dumping  sand  through  water.  Finally,  the  upper  1 m 
(3  ft.)  of  the  site  was  reclaimed  by  dumping  miscellaneous 
borrow  materials  after  the  site  was  raised  above  the  river 
level.  Thus,  the  soil  deposition  at  the  river  site  was 
probably  1)  uncompacted  fill  dumped  in  air  in  the  top  1 m 

(3  ft.);  2)  undensified  fine  sand  dumped  through  water 

between  a depth  of  1 to  4 m (3  to  13  ft)  and  3)  fluvial  river 
deposits  below  4 m (13  ft.). 

The  ground  surface  slopes  up  gradually  to  the  east  to  a 
road  constructed  on  an  embankment  located  approximately  350  m 
(1150  ft  ) from  the  river  bank  as  shown  in  Fig.  13.  The 
second  test  site,  called  the  road  site,  was  located  on  level 
ground  adjacent  to  the  road.  It  is  thought  that  this  road  is 
actually  the  remains  of  a dike  constructed  several  hundred 
years  ago  as  part  of  the  original  land  reclamation  effort  in 
Niigata. 


It  is  believed  that  at  the  road  site  1)  the  top  1.5  m 
(5  ft.)  was  deposited  above  the  water  surface  by  dumping  fill; 

2)  the  layer  between  1.5  and  4 m (5  and  13  ft.)  was  deposited 
by  dumping  sand  through  water  and  3)  the  soil  below  4 m (13  ft.) 
is  a natural  river  fluvial  deposit. 

A comparison  of  the  soil  profiles  at  the  river  site  and 
at  the  road  site  shows  that  soils  at  both  sites  consist  typi- 
cally of  layers  of  coarse  sand,  medium  sand  and  silt. 

Boring  Program  and  Sample  Recovery  - River  Site 

All  Sctmpling  and  boring  techniques  selected  for  this  pro- 
gram were  performed  side  by  side  at  the  river  site  to  provide 
a basis  of  comparison  between  the  results  of  various  insitu 
test  procedures  and  field  sampling  techniques.  Field  Seunpling 
procedures  were  described  in  detail  in  Chapter  2. 

First,  a Standard  Penetration  Test,  as  noted  on  the  boring 
plan  in  Fig,  14,  was  performed  to  evaluate  insitu  densities 
and  to  provide  a preliminary  picture  of  subsurface  soil  condi- 
tions. Then,  in  an  adjacent  bore  hole,  Osterberg  samples 
were  taken  with  an  approximate  vertical  spacing  of  about  4 m 
(13  ft.).  Finally,  large  di^uneter  samples  (Fig.  15)  were 
taken  continuously  in  4 adjacent  bore  holes  with  only  enough 
vertical  spacing  between  samples  to  ensure  adequate  cleanout 
of  the  bottom  of  the  bore  hole. 


The  boring  plan  in  Fig.  14  shows  that  all  sampling  was  done 
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that  the  seune  soils  were  Scunpled  in  each  boring. 


A summary  of  the  results  of  the  Seimpling  program  at  the 
river  site  is  tabulated  in  Table  2 and  graphically  shown  in 
Fig.  16  with  an  estimate  of  saunple  quality.  In  general  the 
quality  of  the  6 Osterberg  Scimples  taken  at  the  river  site  were 
considered  to  be  good  and  recovery  was  high. 

The  quality  of  the  large  diameter  samples  ranged  from  no 
recovery  to  excellent.  The  first  boring,  LDl,  had  to  be  aban- 
doned at  a depth  of  6m  (20  ft.)  because  of  an  obstruction. 
Recovery  of  samples  in  Boring  LD2  was  initially  poor  but  improved 
rapidly  as  experience  was  gained  with  the  new  large  diameter 
sampling  technique.  Recovery  was  excellent  in  boring  LD3  to  a 
depth  of  7 m,  where  unexpected  difficulty  in  recovery  was 
found.  Finally,  even  better  Scimple  recovery  was  noted  in  boring 
LD4  showing  that  sampling  techniques  had  been  mastered.  Never- 
theless, sampling  results  was  difficult  past  8 m.  Inspection 
of  the  partially  recovered  samples  at  deeper  depths  showed  the 
existence  of  a layer  of  uniformly  graded  loose  coarse  sand 
lacking  any  fine  material  whatsoever.  This  seemed  to  explain 
the  reason  for  sampling  difficulty  since  this  type  of  material 
is  difficult  to  sample  using  any  technique. 

Boring  Program  - Road  Site 

The  boring  and  sampling  program  at  the  road  site  was  simi- 
lar to  that  at  the  river  site  except  that  in  the  interests  of 
economy,  large  diameter  samples  were  not  taken.  A Standard 
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Penetration  test  was  first  used  to  define  soil  densities 
and  the  subsurface  soil  profile.  Then,  in  an  adjacent 
bore  hole  as  shown  in  Fig.  14,  nearly  continuous  Osterberg 
samples  were  taken  to  a depth  of  14  m (46  ft.).  Recovery 
and  the  quality  of  these  samples  were  high  as  shown  on 
Fig.  16  which  summarizes  the  field  sampling  program  at  the 
road  site. 
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CHAPTER  4 


LABORATORY  TEST  PROCEDURES 

Introduction 

Each  of  the  soil  specimens  obtained  from  the  field  were 
tested  in  Japan  to  evaluate  index  property  values  and  to  deter- 
mine cyclic  triaxial  strength  behavior.  These  test  procedures, 
described  in  detail  in  subsequent  pages,  generally  followed 
U.S.  practice  and  thus  the  test  results  may  be  evaluated  in 
the  Scune  way  as  test  results  obtained  from  U.S.  laboratories. 

Index  Property  Tests 

A complete  series  of  index  property  tests  were  performed 
on  each  specimen  from  the  large  diameter  sample  and  on  each 
Osterberg  test  specimen  as  follows: 

1.  Initial  and  consolidated  dry  unit  weight 
determination 

2.  Specific  gravity  tests 

3.  Grain  size  distribution 

4.  Limiting  minimum  and  maximum  density  tests 
(relative  density) 

Dry  unit  weight  - Values  of  initial  dry  unit  weight  were 
determined  by  measuring  the  dimensions  of  the  thawed  specimen 
confined  in  the  triaxial  cell  under  a small  vacuum  of  -20  KN/m^ 
(-400  Ib/ft^).  Three  circumference  (Pi  tape)  measurements  were 
made  at  the  top,  middle  and  bottom  of  the  specimen  and  averaged 
to  obtain  the  specimen  diameter  after  making  a suitable  cor- 
rection for  membrane  thickness.  Specimen  height  was  determined 


with  a vernier  caliper.  The  weight  of  the  solid  portion  of 
the  specimen  was  determined  at  the  ccanpletion  of  the  triaxial 
test  by  carefully  washing  the  specimen  into  a beaker  and  drying 
it  in  an  oven  for  24  hours. 

A comparison  of  specimen  dimensions  before  and  after 
thawing  under  the  -20  KN/m?  (-400  Ib/ft^)  vacuum  showed  that  an 
average  volume  decrease  of  approximately  1%  occurred  for  all 
specimens.  This  is  significantly  less  than  the  9%  volume 
change  associated  with  the  thawing  of  water  showing  that  ice 
lenses  were  probably  not  present  and  that  water  did  not  fill 
the  specimen  voids  before  freezing.  The  absence  of  ice  lenses 
and  of  continuous  water  in  the  specimen  voids  is  an  indirect 
indication  that  freezing  did  not  disrupt  the  fabric  of  the 
specimen. 

Values  of  consolidated  dry  unit  weigth  were  calculated 
from  measurements  of  axial  deformation  and  specimen  volume 
change  during  consolidation  after  saturation  at  a low  effective 
stress  of  20  KN/m2  (500  psf ) . In  general,  volumetric  strains 
on  the  order  of  5%  were  measured  for  the  majority  of  the  specimens. 

Grain  size  and  specific  gravity  - Specimen  grain  size 
distributions  and  specific  gravity  values  were  determined  using 
Japanese  standards  (Japanese  Society  of  SM  and  FE,  1976)  which 
are  for  most  practical  purposes  similar  to  ASTM  (1976)  procedures. 

Relative  Density  Tests 

Both  maximum  and  minimum  density  tests  were  performed  on 
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each  specimen  obtained  in  the  field.  Minimum  density 
values  were  obtained  by  carefully  spooning  oven  dry  sand 
into  a mold  with  zero  height  of  drop.  A number  of  minimum 
density  values  were  obtained  for  each  specimen  and  the 
minimum  value  was  reported. 

Maximum  density  values  were  determined  by  subjecting 
a surcharged  dry  soil  specimen  to  vertical  vibration.  f 

Subsequent  investigations,  however,  showed  that  these  I 

density  values  were  higher  than  values  that  would  be  measured 
in  the  U.S.  using  techniques  such  as  the  ASTM  D2049  procedure.  ' 

Therefore,  relative  density  values  given  in  this  report  were 
corrected  upward  to  make  them  comparable  with  values  used  in 
U.S.  Geotechnical  Engineering  practice. 

Cyclic  Triaxial  Strength  Testing 

The  triaxial  cells  and  cyclic  loading  apparatus  used  in 
this  investigation  are  shown  in  Figs.  17  and  18.  The  equipment 
meets  the  standards  for  cyclic  soil  strength  equipment  presented 
by  Silver  (1976).  For  example,  the  cells  are  provided  with 

low  friction  bellofram  seals  and  an  external  chamber  that  makes 
it  possible  to  maintain  exact  alignment  between  the  specimen 
plattens.  The  saturation  and  pore  pressure  system  provided 


top  and  bottom  platten  drainage  and  flushing. 

A semi-conductor  pore  pressure  transducer  was  mounted  j 

rigidly  in  the  base  of  the  triaxial  cell,  minimizing  the  I 

volume  of  the  pore  pressure  measurement  system.  B values  | 

were  measured  with  a digital  voltmeter  readout  system  capable 
of  reading  1 5 x 10”^  KN/m^  (2  Ib/ft^) . 

Cyclic  loads  were  applied  by  a servo-hydraulic  loading 
apparatus  employing  a rubber  linkage  to  enhance  system  stabil- 
ity. Time  histories  of  load,  deformation  and  pore  pressure  were  [ 

amplified  and  readout  using  a light  beam  galvanometer  oscillograph.  j 

Preparation  of  frozen  samples  - All  frozen  samples,  both 
small  specimens  from  the  large  diameter  sampler  and  0.8  m (2.6  ft.)  ' 

long  thin  wall  shelby  tubes  from  the  Osterberg  Scimpler  were  j 

transported  frozen  packed  in  dry  ice  to  the  laboratory.  There 

they  were  stored  in  an  ice  cream  freezer  at  -10°C  until  tested.  , 

Small  diameter  specimens  were  prepared  for  cyclic  triaxial  j 

strength  testing  by  first  trimming  loose  sand  from  the  specimen 

! 

ends  to  eliminate  any  weak  zones  at  the  specimen  top  and  bottom  ^ 

and  to  ensure  that  the  specimen  ends  were  parallel.  Stones 
were  then  placed  on  the  ends  of  the  specimen  which  was  extruded 
from  the  split  brass  liner  by  pushing  down  on  a mandrel. 

Osterberg  specimens  were  prepared  in  a similar  way  except  ' 

that  because  they  were  shipped  to  the  laboratory  frozen  in  i 

0.8  m (2.6  ft.)  long  lengths,  the  first  step  was  to  saw  the  ' 

i 

I 


I 
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tube  into  15  cm  (6  in)  long  lengths  using  the  electric  hacksaw, 
shown  in  Fig.  19a.  Then  a band  saw  was  used  to  split  the  tube 
I lengthwise  while  a clcimp  kept  the  tube  from  springing  open  I 

I 

. (Fig.  19b) . For  both  cutting  procedures,  liquid  nitrogen  was 

j used  as  the  cutting  fluid  to  prevent  the  specimen  from  thawing. 

After  splitting,  the  clamp  around  the  tube  was  slowly  opened 
making  it  possible  to  remove  the  intact  specimen.  The  speci- 
men was  then  placed  still  frozen  in  a frame  where  the  ends 
were  trimmed  flat  and  parallel. 

Specimen  measurements  - The  still  frozen  small  specimen  or 
Osterberg  specimen  was  placed  on  the  triaxial  bottom  platten, 
the  top  platten  was  lowered  to  make  contact  with  the  top  stone 
and  a split  membrane  expander  was  used  to  place  a triaxial 
membrane  around  the  specimen  which  was  subsequently  sealed  with 
0-rings.  A small  vacuum  of  -20  kN/m^  (-400  Ib/ft^)  was  applied 
to  maintain  the  shape  of  the  sample  and  initial  frozen  specimen 
dimensions  were  obtained  to  calculate  the  initial  frozen  unit 
weight.  All  diameter  measurements  were  taken  with  a circum- 
ference rule  (Pi  tape)  at  the  top,  middle,  and  bottom  of  the 
specimen.  Specimen  height  was  measured  with  a vernier  caliper. 

Appropriate  corrections  were  made  for  the  membrane  thickness. 

After  the  sample  was  allowed  to  completely  thaw  out  for 
two  hours  under  the  applied  vacuum,  dimensions  were  again 
taken  to  calculate  the  thawed  unit  weight.  The  triaxial  cell 
was  then  assembled  around  the  sample,  water  was  introduced  into 
the  triaxial  chamber,  and  the  vacuum  was  gradually  reduced  to 


Fig.  19  (a)  Cutting  Specimen  Lengths  from  Shelby  Tube  Samples 
Using  Liquid  Nitrogen  (b)  Splitting  Sample  Tubes  to 
Facilitate  Extrusion  of  Frozen  Sample 
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zero  while  simultaneously  increasing  the  cell  pressure  to  a 
value  of  20  KN/m^  (400  Ib/ft^) , 

Saturation  and  consolidation  - The  specimen  preparation, 
saturation  and  consolidation  procedure  is  schematically  repre- 
sented in  Fig.  20.  It  may  be  seen  that  after  the  specimen  was 
allowed  to  thaw,  CO2  was  used  to  aid  the  saturation  by  allowing 
it  to  flow  from  the  bottom  platten  through  the  specimen  to 
the  top  platten  for  approximately  1 hour.  In  this  way,  CO2 
was  used  to  replace  air  from  the  soil  voids.  Since  CO2  is 
significantly  more  soluble  in  water  than  air,  saturation  time 
was  greatly  reduced. 

Saturation  and  back  pressure  procedures  closely  followed 
those  suggested  by  Silver  (1976) . Saturation  was  accomplished 
by  concurrently  applying  cell  pressure  and  back  pressure  to  the 
specimen  while  maintianing  an  effective  confining  pressure  of 
20  KN/m2  (4001b/ft2) . B value  checks  were  made  at  intervals  to 
monitor  the  saturation  process.  All  tests  were  conducted  at 
back  pressure  values  of  26  kN/m^  (2000  lb/ft2)  and  the  resulting 
B values  in  all  cases  exceeded  0.96.  Consolidation  was  sub- 
sequently carried  out  by  increasing  the  cell  pressure  while 
maintaining  a constant  value  of  back  pressure  and  while  moni- 
toring axial  deformation  and  specimen  volume  change  with  time 
so  that  the  specimen  consolidated  unit  weight  could  be  deter- 
mined. During  both  the  back  pressuring  and  consolidation  pro- 
cess, correction  loads  were  applied  to  the  piston  to  compensate 
for  the  uplift  force  on  the  load  rod  which  was  rigidly  connected 
to  the  top  platten. 
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Schematic  Representation  of  Thawing,  Back  Pressure 
and  Consolidation  Process  for  Frozen  Specimens. 


Confining  Pressure 

All  tests  were  performed  at  an  effective  isotropic 
confining  pressure  (o'^)  of  147  KN/m^  (3000  Ib/ft^), 

This  pressure  was  greater  than  the  insitu  overburden 
pressure  for  all  of  the  specimens  tested. 

Cyclic  Testing 

To  perform  the  actual  cyclic  triaxial  test,  the  cell 
piston  was  locked,  the  cell  pressure  and  back  pressure  lines 
were  closed,  and  the  cell  was  moved  to  the  servo-hydraulic 
test  frame.  The  actuator  was  then  connected  and  the  proper 
seating  load  was  applied.  Pore  pressure  and  cell  pressure 
lines  were  opened,  the  piston  was  unlocked,  and  the 
specimen  was  allowed  to  rest  for  several  minutes. 

Cyclic  triaxial  strength  tests  were  performed  under 
stress-controlled  undrained  conditions  by  first  closing  the 
specimen  drainage  line  and  second  by  applying  a 1 Hz  sine 
load  wave  form  while  monitoring  changing  load,  deformation, 
and  pore  water  pressure  values  with  time.  The  test  was 
stopped  when  either  the  specimen  exhibited  double  amplitude 
strain  values  of  ± 10%  or  when  200  stress  cycles  were 
exceeded  without  the  development  of  significant  excess  pore 
water  pressures  or  large  specimen  strains. 

Following  the  test,  the  triaxial  cell  was  disassembled 
and  the  entire  sample  was  carefully  washed  into  a pan,  dryed, 
and  weighed  in  order  to  calculate  dry  unit  weight.  Grain 
size,  relative  density  and  specific  gravity  tests  were  then 
performed  on  each  specimen  to  determine  index  property  values. 


I 
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Test  calculation  procedures  - A typical  time  history  plot 
of  load  deformation  and  pore  pressure  with  time  for  a cyclic 
strength  test  performed  on  a small  specimen  from  the  large 
diameter  sample  is  shown  in  Fig.  21.  It  may  be  seen  that  there 
is  no  significant  load  fall  off  when  large  specimen  strains 
developed.  This  constant  amplitude  load  wave  form  was  recorded 
for  all  tests  and  thus  the  test  results  meet  the  test  limits 
proposed  by  Silver  (1976) . 

Values  of  cyclic  stress  and  strain  for  each  cycle  were 
calculated  using  the  definitions  presented  in  Fig.  22.  For 
convenience,  values  of  cyclic  vertical  stress  applied  to  the 
specimen  were  normalized  by  calculating  the  applied  cyclic 
stress  ratio  SR 

'^dl 

SR  = 

2oo 

where  is  the  single  amplitude  cyclic  axial  stress  and 

Cq  is  the  initial  effective  confining  pressure.  Values  of 
cyclic  stress  ratio  (SR)  versus  the  number  of  cycles  to  initial 
liquefaction  (defined  as  the  cycle  where  the  pore  water  pressure 
first  equals  the  cell  pressure)  5%  and  10%  double  amplitude 
strain  were  then  plotted  to  define  the  cyclic  strength  of  undis- 
turbed specimens  of  Niigata  sand. 
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Cycle  1 Cycle  2 Cycle  3 


Axial  Load  (aP) 


Axial  Deformation  (Sa)  0 


Time 


Pore  Water  Pressure  (At/)  0 


Definition  of  Colculated  Stress  and  Strain  Values 


APc  Aft 

OdI  (Single  Amplitude)  = — ^ 

£a  (Double  Amplitude)  = —/—  ■ 

Lc 

Where  Aft.APe^c-.fie  are  Defined  in  Figures  Above 

Ac  is  the  Consolidated  Specimen  Area 

Lc  is  the  Consolidated  Specimen  Length 


Fig.  22  Definition  of  Measured  Load-Deformation  Values 
and  Calculated  Stress  Strain  Values  for  Cyclic 
Triaxial  Strength  Tests  . 


CHAPTER  5 


CYCLIC  BEHAVIOR  OF  SPECIMENS  FROM 
LARGE  DIAMETER  SAMPLES  FROM  RIVER  SITE 

Introduction 

As  previously  discussed,  two  types  of  soil  scunplers  were 
used  at  two  different  locations  in  Niigata  to  obtain  soil  speci- 
mens for  index  property  tests  and  cyclic  triaxial  strength 
tests  to  help  determine  insitu  dynamic  soil  behavior.  Both 
large  diameter  and  Osterberg  samples  were  taken  at  the  river 
site  where  surface  evidence  of  liquefaction  was  observed  fol- 
lowing the  1964  Niigata  earthquake.  At  the  road  site  where  samples 
were  taken,  no  surface  evidence  of  liquefaction  was  observed. 

This  chapter  describes  index  property  test  results  and 
cyclic  triaxial  strength  test  results  for  tests  performed  on 
specimens  of  sand  obtained  by  pushing  small  diameter  tubes  into 
the  large  diameter  samples.  Subsequent  chapters  will  describe 
test  results  for  Osterberg  samples,  from  both  the  river  site 
and  the  road  site. 

Soil  Conditions  at  the  River  Site 

Soil  conditions  at  the  river  site  are  shown  in  Fig.  23 
which  plots  soil  type,  soil  formation,  and  N values  obtained 
from  standard  penetration  tests.  The  site  consists  of  approxi- 
mately 1 m (3  ft)  of  surface  soil.  This  is  underlain  by  a 
3 m (10ft)  thick  layer  of  medium  sand  which  was  deposited 
through  reclamation  of  the  site  from  the  flood  plain  of  the 
Shinano  River.  Below  the  reclaimed  layer  is  an  alluvium 


58 


Fig.  23  Soil  Profile  at  the  River  Site  showing 
Soil  Type,  Method  of  Soil  Deposition 
and  Standard  Penetration  Test  Values 


I 

I river  bed  deposit  consisting  of  medium  sand  with  occasional 

I silt  lenses.  At  depth,  there  are  some  silt  layers  underlain 

by  a uniform  coarse  sand. 

I Standard  penetration  test  values  show  that  the  blow  counts 

at  the  site  are  low  and  generally  did  not  exceed  15  to  a depth 
of  approximately  13  m.  Below  13  m the  blow  counts  increased 
with  depth  except  in  a silt  layer  where  low  blow  counts  were 

i 

measured.  Previous  standard  penetration  tests  at  the  site  1 

showed  the  same  pattern  of  N values  with  depth  as  shown  in 

the  Figure  which  plots  the  N values  for  a previous  boring 

made  for  the  design  of  the  water  diversion  dam.  ' 

Index  Properties  at  the  River  Site  (Large  Dicuneter  Scunples) 

A total  of  9 large  diameter  samples  from  the  river  site 
yielded  31  small  diameter  undisturbed  specimens  for  index  | 

properties  testing  and  cyclic  triaxial  strength  testing.  Test  | 

i 

values  for  all  specimens  are  siammarized  in  Table  3 and  described  ' 

I 

in  more  detail  elsewhere  (Silver  and  Ishihara,  1978). 

Grain  size  distribution  curves  for  soils  from  various  depths  ' 

at  the  river  site  are  summarized  in  Fig.  24  which  shows  that  pre- 
dominantly the  soil  consists  of  medium  sand  with  mean  grain  size 
values  between  0.35  mm  and  0.55  mm,  except  at  a depth  of  4.5  m 
where  fine  sand  size  particles  were  found  and  at  a depth  of 
9.5  m where  coarse  sand  size  particles  was  encountered. 


The  mean  particle  size,  D^q,  and  the  uniformity  coeffi- 
cient as  a function  of  depth  are  shown  in  Fig.  25  where  it  may 
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Fig.  24  Summary  Showing  Grain  Size  Distribution  for  Soils 
at  the  River  Site  - Large  Diameter  Samples. 


approximately  0.3  mm.  In  the  natural  soil,  beginning  at  a 
depth  of  4 m,  the  grain  size  increases  uniformly  from  a mean 
particle  size  of  0.2  mm  at  the  boundary  between  the  natural 
deposit  and  the  reclaimed  deposit,  increasing  to  a mean  par- 
ticle size  of  about  0.7  mm  at  a depth  of  12  m.  Similarly, 
the  Figure  shows  that  the  uniformity  coefficient  is  approxi- 
mately 2.8  in  the  reclaimed  soil  and  ranges  between  2 and  4 
in  the  natural  soil  layer. 

As  stated  previously,  each  of  the  small  specimens  obtained 
from  the  large  diameter  sampler  were  used  to  determine 
insitu  void  ratios  and  these  values  are  plotted  in  Fig.  26. 
These  void  ratio  values  were  determined  from  measurements 
made  on  thawed  specimens  confined  in  a triaxial  membrane  under 
a small  vacuum  pressure  of  -20  kN/m2  (-400  Ib/ft^) . 

Each  of  the  points  on  Fig.  26  represents  an  insitu  void 
ratio  value  for  a different  specimen;  therefore  multiple 
data  points  plotted  at  any  depth  give  the  range  of  void  ratio 
values  measured  for  different  individual  specimens  at  that 
depth.  It  may  be  seen  that  at  some  depths  the  void  ratio 
values  for  a number  of  specimens  are  approximately  equal, 
implying  that  specimen  quality  at  these  depths  is  good  and 
that  specimen  void  ratio  values  for  these  depths  probably 
represent  in  place  void  ratio  values.  At  some  other  depths, 
however,  there  is  a significant  spread  between  the  highest 
void  ratio  value  and  the  lowest  void  ratio  value  as  measured 
for  different  specimens.  At  these  depths,  sample  disturbance 


r 
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and  handling  problems  or  the  natural  variation  in  soil  density 
may  account  for  the  range  in  values  recorded.  Nevertheless, 
the  curve  drawn  on  the  Figure  through  the  average  void  ratio 
value  at  each  depth  shows  that  the  void  ratio  generally  decreases 
with  depth  from  approximately  3 m to  12  m. 

Relative  density  tests  to  define  limiting  values  of  maxi- 
mum and  minimum  void  ratios  were  performed  on  each  specimen; 
therefore  it  is  possible  to  plot  relative  density  values  as  a 
function  of  depth,  as  shown  on  Fig.  27.  These  values,  as  for 
void  ratio  values,  are  for  the  measured  density  of  the  soil 
while  in  the  triaxial  chamber  under  a small  all  around  vacuum 
confining  pressure  but  before  consolidation.  Therefore,  these 
values  were  considered  to  represent  the  insitu  relative  den- 
sity of  the  soil.  As  described  previously,  these  relative 
density  values  are  corrected  to  represent  values  commonly  used 
in  U.S.  practice  to  define  the  relative  packing  of  cohesionless 
soils. 

As  for  the  void  ratio  values,  more  than  one  relative  den- 
sity data  point  at  a given  depth  shows  relative  density  values 
obtained  from  several  small  specimens  from  the  same 
large  diameter  sample.  It  may  be  seen  that  for  some  depths 
the  range  between  the  highest  relative  density  value  and  the 
lowest  relative  density  value  is  on  the  order  of  10%,  implying 
that  the  measured  density  reflects  insitu  density  values.  On 
the  other  hand,  at  one  or  two  depths  the  difference  in  relative 
density  value  is  on  the  order  of  30%,  implying  either  that  the 
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Fig.  27  Insitu  Relative  Density  Values  as  a 

Function  of  Depth  at  the  River  Site  - 
Specimens  from  Large  Diameter  Samples. 


natural  variation  in  soil  density  is  large  at  that  depth  or 
that  sample  disturbance  may  have  occurred. 


Nevertheless,  average  values  show  that  in  the  reclaimed 
sand,  relative  density  values  ranged  between  20%  and  50%, 
while  in  the  natural  deposit  relative  density  values  ranged 
between  30%  and  50%  with  a general  increase  in  relative  den- 
sity with  increasing  depth.  it  may  be  seen  that  the  average 
relative  density  is  on  the  order  of  40%,  which  is  generally 
lower  than  commonly  considered  for  insitu  density  values  at 
Niigata.  However,  it  may  be  remembered  that  N values  for  the 
layer  were  on  the  order  of  5 to  10,  which  further  confirms 
the  low  relative  density  of  the  sand  at  the  site. 

Cyclic  Triaxial  Strength  Test  Results 

From  each  large  diameter  sample  taken  at  any  depth  it  was 
possible  to  obtain  as  many  as  9 small  specimens  for  testing. 
Therefore,  it  was  possible  to  perform  a number  of  cyclic  tri- 
axial strength  tests  on  undisturbed  specimens  to  define  the 
cyclic  strength  at  a given  depth. 

Fig.  28a  through  28i  shows  the  stress  ratio  versus  the 
number  of  cycles  required  for  soils  to  reach  initial  liquefac- 
tion, (defined  as  the  cycle  where  the  excess  pore  pressure 
first  equals  the  cell  pressure)  5%  double  amplitude  strain  and 
10%  double  amplitude  strain  for  soil  specimens  obtained  from 
samples  taken  at  a given  depth.  For  ex^unple,  Fig.  29a  shows 
the  cyclic  strength  of  soils  from  a depth  of  2.5  m where  three 
small  specimens  were  obtained  from  the  l2u:ge  diameter  sample. 


Fig.  28a  Cyclic  Strength  of  Undisturbed  Specimens  from  Large 
Diameter  Samples  from  the  River  Site  for  Different 
Depths  for  Consolidated  Density  Values. 


Cyclic  Strength  of  Undisturbed  Specimens  from  Large 
Diameter  Samples  from  the  River  Site  for  Different 
Depths  for  Consolidated  Values. 
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Cyclic  Strength  of  Undisturbed  Specimens  from  Large 
Diameter  Samples  from  the  River  Site  for  Different 
Depths  for  Consolidated  Density  Values. 


The  relative  density  of  these  specimens  ranges  between  56% 
and  64%;  therefore  the  average  relative  density  for  specimens 
at  this  depth  was  60%  as  shown  on  the  Figure.  It  should  be 
noted  that  these  relative  density  values  are  for  consolidated 
specimens  and  thus  represent  the  strength  of  specimens  having 
a slightly  higher  density  than  insitu  soils.  It  may  be  seen 
on  the  Figure  that  the  cyclic  triaxial  strength  curve  is  rather 
flat  and  that  at  20  cycles  the  stress  ratio  required  to  cause 
5%  double  amplitude  strain  was  on  the  order  of  0.18.  Similar 
data  for  soils  at  a depth  of  3.5  m is  shown  on  Fig.  28b  where 
it  may  be  seen  that  the  average  tested  relative  density  for 
the  three  specimens  from  this  depth  was  30%  and  that  at  20 
cycles  the  stress  ratio  required  to  cause  5%  double  amplitude 
strain  was  on  the  order  of  0.16. 

Figs.  28  c to  i show  similar  data  for  specimens  at  suc- 
cessively deeper  depths  of  4.5  m,  5.5  m,  6.5m,  7.5  m,  8.5  m, 

9.5  m,  and  11.5  m.  It  may  be  seen  from  these  figures  that  in 
general,  the  cyclic  stress  ratio  required  to  cause  failure  in 
20  cycles  was  on  the  order  of  0.14  to  0.18,  except  at  a depth 
of  4.5m  where  significantly  higher  average  relative  densities 
were  measured  with  a corresponding  increase  in  strength. 

Similarly,  at  a depth  of  11.5  m,  a higher  relative  density  of 
53%  was  measured  with  a corresponding  increase  in  cyclic  strength. 

It  must  be  remembered  that  the  cyclic  strength  values 
plotted  in  Figs.  28  a through  i are  for  consolidated  specimens. 
Thus  the  tested  densities  are  somewhat  higher  than 
insitu  densities.  Therefore,  the  strength  of  insitu  soil 
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specimens  as  measured  in  the  cyclic  triaxial  strength  test 
would  be  slightly  lower  than  the  values  given  in  these  curves, 
even  though  the  shapes  of  the  curves  should  be  the  same. 


To  show  the  effect  of  relative  density  on  the  strength 
of  these  undisturbed  soil  specimens,  the  data  in  Fig.  2Sa 
through  f has  been  replotted  in  Fig.  29.  To  develop  these 
figures,  the  cyclic  stress  ratio  required  to  cause  5%  double 
amplitude  strain  was  plotted  for  specimens  at  any  depth  with 
relative  density  values  in  a given  range.  Thus,  Fig.  29a 
plots  the  cyclic  strength  of  specimens  with  relative  density 
values  between  25%  and  40%  and  thus  shows  the  cyclic  strength 
of  specimens  at  an  average  relative  density  of  33%.  Similarly, 
Fig.  29b  shows  the  cyclic  strength  for  specimens  at  any  depth 
at  the  site  having  relative  density  values  ranging  between 
41%  and  55%  and  thus  shows  the  strength  for  specimens  at  an 
average  relative  density  of  48%.  Fig.  29c  shows  the  same  data 
for  specimens  having  relative  density  values  between  56%  and 
70%,  giving  an  average  relative  density  value  of  about  62%. 

It  may  be  seen  that  there  is  some  scatter  in  the  test 
results  and  that  the  scatter  is  higher  for  specimens  that 
failed  in  less  than  10  cycles; but  it  may  be  seen  that  the 
scatter  decreases  significantly  for  specimens  that  failed  in 
more  than  10  cycles.  The  summary  curve  shown  in  Fig  30 
obtained  from  the  data  in  Fig  29  is  a reasonable  approximation 
of  the  strength  of  the  undisturbed  specimens  tested. 
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Fig.  29b  Effect  of  Density  on  the  Cyclic  Strength  of  Undisturbed 
Sand  Specimens  from  Large  Diameter  Samples  at  the 
River  Site  at  Any  Depth  for  Consolidated  Density  Values 


Fig.  29c  Effect  of  Density  on  the  Cyclic  Strength  of  Undisturbed 
Sand  Specimens  from  Large  Diameter  Samples  at  the 
River  Site  at  Any  Depth  for  Consolidated  Density  Values, 
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Fig.  30  Summary  Curve  Showing  the  Effect  of  Density  on  the 

Strength  of  Undisturbed  Specimens  from  Large  Diameter 
Samples  at  the  River  Site. 


The  effect  of  relative  density  on  the  stress  ratio 
required  to  cause  failure  (5%  double  amplitude  strain)  is 
further  summarized  on  Fig.  31.  It  may  be  seen  that  soils 
at  the  site  having  relative  density  values  of  about  50% 
would  fail  in  11  to  30  cycles  at  a stress  ratio  of  0.15  in 
cyclic  triaxial  strength  tests. 

Insitu  Cyclic  Triaxial  Strength  Values 

In  order  to  estimate  the  cyclic  triaxial  strength  of 
insitu  specimens,  cyclic  strength  values  plotted  in  Fig.  28 
were  corrected  to  represent  the  cyclic  triaxial  strength  of 
the  specimens  at  their  insitu  density  values  before  consoli- 
dation. This  was  done  by  using  the  empirically  confirmed 
relationship  showing  that  the  strength  of  sand  at  about  50% 
relative  density  is  directly  proportional  to  relative 
density  and  may  be  estimated  as  follows  (Seed  and  Idriss,  1971)'‘ 


Aad%  _ Aadf  Rd 

5a^  (Rd)  ~ 2a 'c  (Rd  = 50%)  50 

in  which  the  subscript  Rd  is  the  relative  density  of  the 
specimen. 

Data  presented  elsewhere  (Silver  and  Ishihara,  1978) 
shows  that  cyclic  strength  data  for  specimens  at  insitu  t 

values  plots  slightly  lower  than  for  specimens  at  consolidated  ' 

density  values.  : 


For  design  purposes,  it  is  useful  to  show  the  cyclic 
triaxial  strengths  of  undisturbed  soil  specimens  at  the 
river  site  as  a function  of  depth  at  their  estimated  insitu 
relative  density  values.  This  has  been  done  in  Fig.  32 
which  plots  the  stress  ratio  necessary  to  cause  failure  in 
20  cycles  versus  the  depth.  Here  failure  was  defined  as 
initial  liquefaction,  5%  double  amplitude  strain  and  10% 
double  amplitude  strain.  It  may  be  seen  that  in  the 
reclaimed  zone,  down  to  a depth  of  4 m,  the  stress  ratio 
necessary  to  cause  failure  in  cyclic  triaxial  strength 
tests  is  on  the  order  of  0.15  and  that  in  the  transition 
zone  between  the  reclaimed  layer  and  the  natural  river  bed 
deposit  the  stress  ratio  required  to  cause  failure  in  20 
cycles  increases  to  about  0.22.  In  the  natural  deposit, 
the  stress  ratio  required  to  cause  failure  is  on  the  order 
of  0.1  at  shallow  depths,  increasing  uniformly  to  a value 
of  about  0.2  with  greater  depth. 

In  general,  cyclic  strength  values  obtained  from  cyclic 
triaxial  strength  tests  performed  on  undisturbed  specimens 
of  sand  were  lower  than  would  be  expected  for  natural  soil 
deposits.  It  must  be  remembered,  however,  that  this  site 
showed  signs  of  liquefaction  following  the  1964  earthquake 
and  therefore  it  is  highly  possible  that  tests  were  performed 
on  previously  liquefied  soils.  Other  factors  which  may  have 
contributed  to  the  measurement  of  low  values  of  cyclic 
strength  will  be  discussed  in  subsequent  chapters. 


(River  site  ) 


o — o : initiai  liquefaction 
□ : 5 % strain  (DA.) 

A : 10  % strain  (DA.) 


Fig.  32  Insitu  Values  of  Cyclic  Triaxial  Strength 

Failure  in  20  Cycles  as  a Function  of  Depth 
for  Specimens  from  Large  Diameter  Samples  at 
the  River  Site. 


CHAPTER  6 


CYCLIC  BEHAVIOR  OF  SPECIMENS  FROM  OSTERBERG 
SAMPLES  FROM  THE  RIVER  SITE 

Introduction 

At  the  river  site,  Osterberg  samples  were  taken  in  a bore 
hole  immediately  adjacent  to  the  bore  holes  where  large  diameter 
samples  were  taken.  In  this  way  it  was  possible  to  compare  the 
cyclic  strength  of  specimens  from  Osterberg  samples  and  from 
the  large  diameter  samples.  In  addition,  it  was  possible  to 
take  Osterberg  samples  at  greater  depths  than  large  diameter 
samples;  therefore  at  the  bottom  of  Boring  3 Osterberg  samples 
were  obtained  to  measure  the  insitu  density  and  cyclic  strength 
of  deep  soil  below  12  m. 

From  each  Osterberg  sample,  one  or  two  specimens  for  cyclic 
triaxial  strength  testing  and  index  properties  tests  were  obtained. 
In  general,  it  was  possible  to  obtain  an  additional  specimen 
from  the  Osterberg  sample  and  this  was  retained  for  fabric 
studies.  Thus,  undisturbed  cyclic  strength  values  for  each 
Osterberg  sample  are  from  at  most  two  specimens  at  any  given 
depth.  Therefore,  testing  was  only  possible  at  one  or  two 
different  stress  ratios.  On  the  other  hand,  multiple  specimeu-i 
obtained  from  large  diameter  samples  made  it  possible  to  eval- 
uate cyclic  strength  of  undisturbed  specimens  at  a number  of 
stress  ratios.  Therefore,  based  on  the  strength  results  from 
the  specimens  from  the  large  dieuneter  samples,  it  was  possible 
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to  select  stress  ratios  for  Osterberg  specimens  that  would 
cause  failure  in  about  10-20  cycles,  making  it  possible 
to  compare  cyclic  strength  between  specimens  from  Osterberg 
samples  and  specimens  from  large  diameter  samples. 

Index  Properties  Values  Obtained  from  Osterberg  Specimens 

The  soil  profile  from  which  Osterberg  samples  were 
obtained  was  exactly  the  same  profile  in  which  large  diameter 
samples  were  obtained  and  was  shown  in  Fig.  23.  Five 
Osterberg  samples  taken  at  the  road  site  provided  10 
specimens  for  index  property  tests  and  cyclic  triaxial 
strength  tests.  All  test  results  are  summarized  on  Table  4. 

The  particle  size  distribution  for  the  Osterberg  samples 
at  the  river  site  is  summarized  in  Fig.  33  for  depths 
between  4.5  m and  13.5  m.  It  may  be  seen  that  the  grain 
size  distributions  form  a rather  narrow  band  in  the  medium 
sand  size  range. 

The  mean  particle  size  and  uniformity  coefficient  as  a 
function  of  depth  at  the  river  site  for  the  Osterberg 
samples  is  shown  in  Fig.  34.  As  for  the  large  diameter 
samples,  the  grain  size  tends  to  increase  slightly  with  depth 
aind  has  a mean  particle  size,  D^q,  of  approximately  0.4  mm. 

Similarly,  the  uniformity  coefficient  is  relatively  constant 
with  depth  and  is  on  the  order  of  2. 

As  for  the  specimens  from  the  large  diameter  samples, 
density  values  for  the  Osterberg  samples  were  obtained  by 
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Summary  Curve  Showing  Grain  Size  Distribution  for 
Soils  at  the  River  Site  - Osterberg  Samples. 


Fig.  34  Mean  Grain  Size  and  Uniformity  Coefficient  as  a 
Function  of  Depth  at  the  River  Site  - Osterberg 
Seunples. 
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1)  extruding  a frozen  specimen,  2)  by  confining  it  in  a triaxial 
cell  under  a low  vacuum  pressure,  3)  by  letting  the  sample 
thaw  out,  and  4)  by  measuring  the  dimensions  of  the  specimen. 
Calculated  void  ratio  values  as  a function  of  depth  are  shown 
in  Fig.  35,  where  it  may  be  seen  that  void  ratio  values  for 
Osterberg  specimens  were  on  the  order  of  0.7  to  0.8  from  a 
depth  of  4 m to  a depth  of  14  m.  At  some  depths  it  was  pos- 
sible to  make  several  density  measurements  on  different  por- 
tions of  the  Osterberg  sample  and  this  is  shown  by  the  hori- 
zontal line  connecting  void  ratio  values  at  a given  depth. 

It  may  be  seen  that,  in  general,  the  void  ratio  values  are 
relatively  uniform  and  there  is  not  a great  deal  of  variation 
in  measured  void  ratio  values  at  a given  depth. 

Relative  density  values  as  a function  of  depth  for  the 
Osterberg  specimens  is  shown  in  Fig.  36  where  it  may  be  seen 
that  relative  density  values  from  a depth  of  4 m to  a depth 
of  14  m are  on  the  order  of  30%  to  60%.  These  relative  density 
values  were  obtained  in  the  same  way  as  the  relative  density 
values  for  the  large  diameter  specimens,  where  a maximum  and 
minimum  density  test  was  performed  on  each  specimen  and  cor- 
responding relative  density  values  were  calculated  using 
insitu  void  ratio  values.  Again,  there  is  less  variability 
in  relative  density  values  at  any  given  depth  than  in  values 
measured  for  specimens  from  the  large  di2kmeter  samples. 
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Fig.  35  Insitu  Void  Ratio  Values  as  a Function  of  Depth 
at  the  River  Site  - From  Osterberg  Specimens. 
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Fig.  36  Insltu  Relative  Density  Values  as  a Function 
of  Depth  at  the  River  Site  - From  Osterberg 
Specimens . 


However,  since  fewer  Osterberg  samples  were  obtained,  this 
apparent  reduced  variation  in  relative  density  values  at  a 
given  depth  may  not  be  significant. 
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Cyclic  Strength  of  Osterberg  Specimens  at  the  River  Site 

The  cyclic  stress  ratio  required  to  cause  initial  lique- 


faction, 5%  double  amplitude  strain,  and  10%  double  amplitude 
strain  in  a given  number  of  cycles  for  Osterberg  specimens 


obtained  at  the  river  site  is  shown  in  Figs.  37a  through  e. 
Each  of  these  figures  plots  the  cyclic  strength  of  Osterberg 
specimens  from  a given  depth.  Also,  each  of  these  figures 
shows  the  average  tested  relative  density  measured  for  the 
consolidated  specimens  at  that  depth.  Thus,  at  a depth  of 


I 

4.2  m (Fig.  37a)  the  relative  density  of  the  single  specimen 
1 tested  was  31%.  At  a depth  of  6.7  m (Fig.  37b)  the  relative 

densities  of  the  two  specimens  obtained  at  this  depth  were 
56%  and  73%,  giving  an  average  relative  density  of  65%.  It 
may  be  seen  in  these  Figures  that  the  shape  of  the  cyclic 
strength  curve  is  rather  flat  and  that  for  15  cycles  failure 
occurred  at  a stress  ratio  of  approximately  0.15  to  0.20. 

The  effect  of  relative  density  on  the  strength  of  Osterberg 
specimens  from  the  river  site  is  summarized  in  Fig.  38  which 
plots  the  cyclic  stress  ratio  required  to  cause  5%  double 
amplitude  strain  versus  number  of  cycles.  This  data  has  been 
obtained  from  Figs.  37a  through  37e  for  specimens  at  consoli- 
dated density  values.  It  may  be  seen  that  the  shape  of  the 
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Fig.  37a  Cyclic  Strength  of  Undisturbed  Osterberg  Specimens 
from  the  River  Site  for  Different  Depths  for 
Consolidated  Density  Values. 
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curves  is  similar  to  the  shape  of  curves  obtained  for  tests 
on  specimens  from  large  dicuneter  samples. 


Insitu  Cyclic  Triaxial  Strength  Values 


Consolidation  of  the  undisturbed  specimens  prior  to  labora- 
tory testing  changed  specimen  density  values  from  the  insitu 
state  to  the  consolidated  laboratory  state.  In  general,  the 
change  in  relative  density  was  approximately  5%.  Therefore, 
in  order  to  estimate  the  cyclic  strength  of  specimens  at  their 
insitu  densitites,  the  test  data  shown  in  Fig.  37 
was  adjusted  in  the  same  way  as  was  done  for  specimens  from 
large  diameter  samples  reflecting  the  empirical  relationship 
that  at  approximately  50%  relative  density,  the  cyclic  strength 
is  directly  proportional  to  the  relative  density.  (Silver  and 
Ishihara,  1978).  Since  the  relative  density  values  were  lower 
for  the  insitu  state,  the  insitu  cyclic  triaxial  strength  curves 
were  slightly  lower  than  the  laboratory  cyclic  strength  curves. 
Nonetheless,  the  shapes  of  the  curves  are  similar. 

The  cyclic  triaxial  strength  of  Osterberg  specimens  as  a 
function  of  depth  at  the  river  site  is  summarized  in  Fig.  39 
where  the  stress  ratio  required  to  cause  failure  in  20  cycles 
is  plotted  as  a function  of  depth  for  specimens  at  estimated 
insitu  density  values.  It  may  be  seen  that  the  stress  ratio 
required  to  cause  failure  is  on  the  order  of  0.24  at  4 m and 
decreases  uniformly  with  depth  to  a value  of  approximately  0.18 
at  a depth  of  13  m. 
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Fig.  39 


Insitu  Values  of  Cyclic  Triaxial  Strength 
(Failure  in  20  Cycles)  as  a Function  of 
Depth  for  Specimens  from  Ostreberg  Samples 
at  the  River  Site. 


CHAPTER  7 


CYCLIC  BEHAVIOR  OF  SPECIMENS  FROM  OSTERBERG 
SOIL  SAMPLES  FROM  THE  RaAD  SITE 

Introduction 

The  major  goal  of  this  study  was  to  compare  index  prop- 
erty values  and  cyclic  strength  values  from  two  adjacent  sites; 
one  site  which  showed  serious  evidence  of  liquefaction  during 
the  1954  Niigata  earthquake  and  a second  site  which  showed 
no  surface  evidence  of  liquefaction  during  the  earthquake. 

The  river  site,  described  in  previous  chapters,  provided  a 
sampling  location  at  which  surface  evidence  of  liquefaction 
was  noted.  The  road  site,  approximately  350  m away,  provided 
a sampling  location  where  the  soil  profile  and  the  method  of 
soil  deposition  was  similar  to  the  river  site,  yet  at  this  loca- 
tion no  surface  evidence  of  liquefaction  was  noted.  This 
chapter  describes  the  subsurface  conditions  at  the  road  site 
as  well  as  index  property  values  and  cyclic  strength  values 
obtained  from  specimens  from  Osterberg  samples  taken  at  the 
site. 

Soil  Conditions  at  the  Road  Site 

Fig.  40  shows  the  soil  profile  at  the  road  site.  It  may 
be  seen  that  the  top  1.5  m consists  of  surface  soil  which  is 
underlain  to  a depth  of  4 m with  silt  and  sandy  silt.  This 
top  4 m thick  layer  is  a reclaimed  deposit  which  is  thought 
to  have  been  dumped  through  water  in  the  early  part  of  the 
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century  to  reclaim  land  from  the  river  bed  of  the  Shinano 
River.  Below  4 m the  soil  profile  consists  of  alternate 
layers  of  medium  sand  and  silt  to  a depth  of  16  m,  which  was 
the  depth  to  which  soil  investigations  at  the  site  were  taken. 
These  layers  are  believed  to  be  a natural  alluvium  deposit 
made  up  of  stream  bed  deposits  of  the  meandering  Shinano 
River.  Fig.  40  also  shows  standard  penetration  test  values 
as  a function  of  depth  through  the  road  site  deposit.  It  may 
be  seen  that  the  relative  density  values  in  the  reclaimed 
deposit  are  very  low  and  are  on  the  order  of  2 to  3 blows 
per  foot.  These  N values  increase  to  approximately  10  blows 
per  foot  in  the  alluvial  deposit  to  a depth  of  12  m.  Below 
12  m there  seems  to  be  a gradual  increase  in  standard  pene- 
tration test  resistance  with  N values  exceeding  20  blows  per 
foot  at  a depth  of  14  m.  It  is  important  to  note  that  between 
4 m and  13  m the  average  blow  counts  at  the  road  site  were 
on  the  order  of  10,  which  is  on  the  same  order  as  blow  counts 
recorded  at  the  river  site. 

Index  Property  Values  at  the  Road  Site 

Adjacent  to  the  standard  penetration  test  boring  at  the 
road  site,  a second  boring  was  made  in  which  Osterberg  seunples 
were  taken  almost  continuously  with  depth.  No  large  diameter 
samples,  however,  were  taken  at  the  road  site,  and  thus  the 
Osterberg  samples  provide  the  only  basis  for  evaluating  insitu 
index  property  values  and  cyclic  strength  of  soils  at  the 
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road  site.  Table  5 summarizes  these  values.  It  may  be  seen 
that  the  8 Osterberg  samples  provided  15  specimens  for  index 
property  testing  and  cyclic  strength  testing.  At  any  given 
depth,  on  the  order  of  2 specimens  from  Osterberg  samples  were 
used  for  index  property  testing  and  cyclic  strength  testing. 

In  general,  it  was  possible  to  obtain  4 specimens  from  each 
Osterberg  sample  but  the  remaining  two  specimens  were  saved 
for  fabric  studies. 

The  grain  size  distribution  at  the  road  site,  obtained 
from  Osterberg  samples  taken  at  different  depths,  are  summar- 
ized on  Fig.  41  which  shows  the  range  of  particular  sizes 
obtained  from  all  samples  taken  at  the  site.  It  may  be  seen 
that  the  site  consists  of  uniformly  graded  medium  sand  with 
almost  no  fines. 

The  mean  particle  size,  D^q,  and  the  uniformity  coeffi- 
cient of  sands  at  the  site  as  a function  of  depth  is  shown  in 
Fig.  42  where  it  may  be  seen  that  the  mean  particle  size  in 
the  natural  river  bed  deposit  (below  4 m)  is  on  the  order  of 
0.3.  The  uniformity  coefficient  of  the  sand  may  be  seen  to 
be  on  the  order  of  1.5. 

Insitu  void  ratio  values  for  Osterberg  specimens  at  the 
road  site  were  determined  in  the  same  way  as  the  river  site. 
First,  the  frozen  specimen  was  extruded  from  the  Shelby  tube 
and  placed  in  the  triaxial  cell  under  a small  effective  nega- 
tive pressure.  Then,  after  the  specimen  had  thawed  out, 
measurements  were  taken  to  calculate  its  insitu  density. 
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Fig.  42  Mean  Grain  Size  and  Uniformity  Coefficient  as 
a Function  of  Depth  at  the  Road  Site  - 
Osterberg  Samples. 


After  this,  the  specimen  was  consolidated  and  the  resulting 
density  of  the  specimen  was  determined  and  recorded  as  its 
tested  density. 


i 

Insitu  void  ratio  values  for  Osterberg  specimens  at  the 
road  site  as  a function  of  depth  are  shown  in  Fig.  43.  Mul-  | 

tiple  data  points  at  the  seune  depth  indicated  the  range  of 
void  ratio  values  from  the  two  specimens  obtained  from  each 

Osterberg  sample.  It  may  be  seen  that  difference  in  void  ratio  [ 

values  between  any  of  the  two  specimens  at  the  saune  depth  ^ 

was  on  the  order  of  0.05  and  that  void  ratio  values  in  the 
natural  alluvium  deposit  ranged  between  1.0  and  0.75.  In 
general,  it  was  found  that  the  void  ratio  increased  with 

increasing  depth  in  the  natural  alluvium  deposit.  j 

Maximum  and  minimum  density  tests  were  performed  on  each 
specimen,  maiking  it  possible  to  calculate  the  insitu  relative 

density  of  each  specimen.  This  data  is  plotted  in  Fig.  44  | 

which  shows  insitu  relative  density  values  of  Osterberg  sped-  ' 

1 

mens  at  the  road  site.  As  for  void  ratio  values,  the  range  in 

relative  density  values  for  any  two  specimens  at  the  same  depth  ' 

is  low,  on  the  order  of  10%.  Moreover,  it  may  be  seen  that 

average  relative  density  values  are  on  the  order  of  30%  at  a ^ 

dpeth  of  4 m and  increase  to  approximately  40%  at  a depth  of  j 

14  m.  ! 
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Fig.  44  Insitu  Relative  Density  Values  as  a Function 
of  Depth  at  the  Road  Site  - from  Osterberg 
Specimens . 


Cyclic  Triaxial  Strength  Test  Results 


Cyclic  triaxial  strength  values  for  failure  defined  as 
initial  liquefaction,  5%  double  anplitude  strain  and  10% 
double  amplitude  strain  from  T2d3le  5 for  specimens  at 
consolidated  density  values  have  been  plotted  in  Fig.  45a 
through  h.  Each  curve  shows  the  cyclic  strength  for 
Osterberg  Specimens  at  a given  depth  and  shows  the  range  of 
relative  density  values  for  the  specimens  at  that  depth. 

For  example,  Fib.  45a  shows  the  cyclic  strength  of  Osterberg 
specimens  at  the  road  site  at  a depth  of  4.5  m where  the 
consolidated  specimen  densities  were  28%  and  33%,  giving  an 
average  relative  density  of  31%.  It  may  be  seen  that  at  20 
cycles,  failure  occurred  at  a stress  ratio  of  approximately 
0.18.  Similarly,  the  curves  in  Fig.  45d  through  f show  cyclic 
strength  values  at  increasing  depths  and  show  the  range  of 
consolidated  density  values  for  specimens  obtained  at  those 
depths . 

To  show  the  effect  of  relative  density  on  cyclic  strength 
of  Osterberg  specimens  obtained  at  the  road  site,  values  of  ] 


the  cyclic  stress  ratio  required  to  cause  5%  double  cunplitude 
strain  for  specimens  at  consolidated  density  values  have  been 
plotted  on  Fig.  46  for  average  relative  densities  of  35%  (25% 
to  40%),  46%  (41%  to  55%)  and  60%  (56%  to  70%)  respectively. 

As  expected,  specimens  at  high  relative  densities  are  stronger 
than  specimens  at  lower  relative  densities.  Moreover,  at  20 
cycles,  failure  defined  as  5%  double  amplitude  strain  occurs 
between  a stress  ratio  of  0.15  and  0.2. 


I 


Fig.  45c  Cyclic  Strength  of  Undisturbed  Osterbeg  Specimens  from  the 
Road  Site  for  Different  Depths  for  Consolidated  Density 


Fig.  45d  Cyclic  Strength  of  Undisturbed  Osterberg  Specimens  froi^i  the 
Road  Site  for  Different  Depths  for  Consolidated  Density 


Number  of  cycles 

Fig.  45g  Cyclic  Strength  of  Undisturbed  Osterberg 


Fig.  45h  Cyclic  Strength  of  Undisturbed  Osterberg  Specimens  from  the 
Road  Site  for  Different  Depths  for  Consolidated  Density 
Values. 


Insitu  Cyclic  Triaxial  Strength  Values 

As  discussed  previously,  in  order  to  define  the  cyclic 
triaxial  strength  of  specimens  at  the  road  site  at  insitu 
values  of  density,  it  is  necessary  to  correct  the  cyclic 
strength  values  shown  in  Fig,  45,  which  plots  strength  values 
for  specimens  tested  at  consolidated  density  values.  This 
was  done  for  specimens  at  each  depth  and  the  results  are  plotted 
elsewhere  (Silver  and  Ishihara,  1978) . 

A graphic  summary  of  the  cyclic  strengths  obtained  from 
cyclic  triaxial  tests  as  a function  of  depth  at  the  road  site  i 

as  measured  for  Osterberg  specimens  with  densities  corrected  I 

to  insitu  values  is  shown  on  Fig.  47.  It  may  be  seen  that  the  ; 

stress  ratio  required  to  cause  failure  at  20  cycles  was  on  the 
order  of  0.15  at  a depth  of  4 m increasing  to  0.2.  at  a depth  ' 

of  8.5  m.  The  cyclic  strength  decreases  at  9 m to  1.5  and 
then  increases  uniformly  with  depth  to  a value  of  0.2  at  a 
depth  of  14  m. 


Fig.  47  Insitu  Values  of  Cyclic  Triaxial  Strength  (Failure  in 
20  Cycles)  as  a Function  of  Depth  for  Specimens  from 
Osterberg  Samples  at  the  Road  Site 


CHAPTER  8 


COMPARISON  OF  CYCLIC  STRENGTHS  MEASURED  AT  DIFFERENT  SITES 
BY  DIFFERENT  SAMPLING  TECHNIQUES 

Introduction 

A major  goal  of  the  study  was  to  determine  why  two  apparently 
similar  sites  350  m apart  behaved  differently  during  the  Niigata 
earthquake  of  1954.  One  site  showed  surface  evidence  of  lique- 
faction while  the  adjacent  site  remained  stable  during  the 
earthquake.  An  additional  goal  of  the  study  was  to  compare 
the  cyclic  strengths  of  specimens  obtained  from  large  diameter 
samples  and  from  Osterberg  samples  at  the  same  location. 

Previous  chapters  have  supplied  basic  information  on  index 
property  values  and  cyclic  strength  values  for  the  following: 

1.  Specimens  obtained  from  large  diameter  samples  where 
there  was  evidence  of  liquefaction  (river  site) . 

2.  Specimens  obtained  from  Osterberg  samples  where  there 
was  surface  evidence  of  liquefaction  (river  site) . 


3.  Specimens  obtained  from  Osterberg  samples  at  an  adja- 
cent site  where  there  was  no  surface  evidence  of  liquefaction 
(road  site) . 

Using  the  basic  information  described  above,  this  chapter 
will  present  the  following  comparisons  to  aid  in  evaluating 
the  reasons  for  liquefaction  at  Niigata: 

1.  Comparison  of  the  cyclic  strength  of  specimens  from 
large  diameter  samples  and  from  specimens  from  Osterberg 
seunples  at  the  river  site. 


2.  Comparison  of  the  cyclic  strength  of  specimens  from 


the  river  site  and  the  road  site. 

Comparison  of  Index  Property  Values  for  Specimens  from  Large 
Diameter  Scunples  and  from  Specimens  from  Osterberg  Samples 
at  the  River  Site 

One  of  the  most  elusive  factors  required  for  an  under- 
standing of  the  dynamic  behavior  of  insitu  soils  is  an  under- 
standing of  insitu  density  measured  as  either  in  place  values 
of  void  ratio  or  as  in  place  values  of  relative  density.  In 
previous  chapters,  insitu  void  ratio  and  relative  density 
values  at  the  river  site  determined  from  measurements  on  speci- 
mens from  large  diameter  samples  were  presented  on  Figs.  26 
and  27.  Similar  data  determined  from  specimens  from  Osterberg 
samples  were  presented  on  Figs.  35  and  36  Fig.  48  compares 
the  void  ratio  values  as  a function  of  depth  measured  by  these 
two  sampling  techniques  at  the  river  site.  For  the  limited 
data,  between  a depth  of  2 m and  7 m,  it  would  appear  that 
specimens  from  the  Osterberg  samples  are  denser  than  specimens 
from  the  large  diameter  samples.  However,  at  greater  depths, 
on  the  order  of  11  m,  it  appears  that  density  values  for  the 
two  types  of  specimens  are  more  equivalent. 

It  must  be  remembered,  however,  that  void  ratio  values 
alone  may  not  properly  evaluate  the  engineering  properties  of 
soils  since  insitu  void  ratio  values  must  be  compared  with 
limiting  maximum  and  minimum  void  ratio  values  to  be  able  to 
compare  engineering  properties  for  different  layers.  Therefore 
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Fig.  48  Comparison  of  Insitu  Void  Ratio  Values  as  a 
Function  of  Depth  for  Specimens  from  Large 
Diameter  Samples  and  for  Specimens  from 
Osterberg  Saunples  at  the  River  Site. 


I 

relative  density  values  as  a function  of  depths,  have  been 
plotted  in  Fig.  49  for  specimens  from  large  diameter  samples 

} 

cmd  for  specimens  from  Osterberg  samples  all  taken  at  the  river  > 

i 

site.  To  a depth  of  10  m the  limited  available  data  does  not 
conclusively  show  whether  specimens  from  Osterberg  sai.ples 
are  denser  than  specimens  from  large  diameter  samples.  However, 
at  deeper  depths,  such  as  at  11  m to  14  m,  the  trend  of  both 
sets  of  data  seems  to  be  similar  with  relative  density  values 
on  the  order  of  40%. 

Comparison  of  Cyclic  Strength  as  Measured  on  Specimens  from 
Large  Diameter  Samples  and  on  Specimens  from  Osterberg  Samples 

It  has  previously  been  shown  that  because  of  the  rather 
uniform  grain  size  distribution  with  depth  of  the  sands  at  the 
two  sampling  sites,  it  was  possible  to  compare  the  cyclic 
strengths  of  soils  from  any  depth  for  specimens  tested  at  the 
same  consolidated  density.  Thus,  by  comparing  the  effect  of 
relative  density  on  the  strength  of  specimens  from  Osterberg 
samples  and  the  effect  of  relative  density  on  the  strength  of 
specimens  from  large  diameter  samples,  another  check  on  the 
effect  of  sampling  may  be  made.  This  has  been  done  in  Fig.  50 
which  plots  the  cyclic  stress  ratio  required  to  cause  5%  double 
amplitude  strain  as  a function  of  the  number  of  cycles.  The 
lines  in  the  curve  represent  cyclic  strength  values  as  a func- 
tion of  relative  density  measured  from  cyclic  triaxial  strength 
tests  on  specimens  from  large  diameter  samples.  The  data 
points  represent  test  values  from  cyclic  triaxial  strength 
tests  on  specimens  from  Osterberg  samples.  This  data  is  for 
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Fig.  49  Comparison  of  Insitu  Relative  Density  Values  as 
a Function  of  Depth  for  Specimens  from  Large 
Diameter  Samples  and  for  Specimens  from 
Osterberg  Samples  at  the  River  Site. 
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laboratory  cyclic  strength,  values  measured  for  consolidated 
specimens.  It  may  be  seen  that  there  is  very  little  difference 
between  the  cyclic  strengths  measured  for  the  two  kinds  of 
specimens  when  compared  at  the  same  relative  density.  There- 
fore, it  would  seem  reasonable  to  expect  that  differences  in 
relative  density  values  as  measured  from  the  two  types  of  speci- 
mens may  well  represent  natural  variations  in  void  ratios  in 
the  soil  deposit.  This  would  imply  that  sample  disturbance 
was  not  responsible  for  the  observed  variations  in  relative 
density  values  for  the  two  kinds  of  specimens  shown  in  Fig.  49 

An  additional  way  to  compare  the  cyclic  strengths  of  speci- 
mens from  large  diameter  samples  and  from  Osterberg  samples 
is  to  compare  the  stress  ratio  required  to  cause  liquefaction 
in  20  cycles  as  a function  of  depth.  Fig.  51  shows  this 
relationship  where  it  may  be  seen  that  in  general  the  cyclic 
strength  is  equivalent  for  specimens  from  Osterberg  samples 
and  for  specimens  from  large  diameter  samples. 

Another  important  fact  shown  in  Fig.  51  is  that  the  cyclic 
triaxial  stress  ratio  required  to  cause  failure  in  20  cycles 
is  on  the  order  of  0.10  to  0.15  at  the  river  site,  and  is 
relatively  constant  with  depth.  However,  when  evaluating 
this  data  it  must  be  remembered  that  severe  evidence  of  lique- 
faction was  noted  at  the  river  site  following  the  Niigata 
earthquake.  This  is  an  indication  that  cyclic  strengths  reported 
for  specimens  at  the  site  may  represent  the  strength  of  soils 


Fig.  51  Comparison  of  the  Stress  Ratio  Required  to  Cause 
Failure  in  20  Cycles  as  Measured  in  Cyclic 
Triaxial  Strength  Tests  on  Undisturbed  Specimens 
from  Large  Diameter  Samples  and  on  Specimens  from 
Osterberg  Samples  at  the  River  Site. 


these  strength  values  are  rather  low  and  would  imply  that  in 
subsequent  earthquakes  the  soil  at  the  river  site  and  in  other 
previously  liquefied  zones  at  Niigata  will  show  little  resistance 
to  subsequent  liquefaction. 

A better  comparison  of  the  strength  of  specimens  from 
Osterberg  samples  and  from  large  diameter  samples  at  the  river 
site  is  shown  in  Fig.  52  which  plots  the  cyclic  stress  ratio 
required  to  cause  failure  of  5 % double  amplitude  strain  as  a 
function  of  the  consolidated  relative  density  of  the  specimen. 

The  curves  in  Fig.  52  show  strength  values  for  specimens  from 
large  diameter  samples  and  the  data  points  show  strength  values 
for  specimens  from  Osterberg  samples.  This  data  shows  that 
the  cyclic  strength  of  specimens  from  Osterberg  samples  is 
slightly  higher  than  the  strength  of  specimens  from  large  dia- 
meter samples  for  the  relative  densities  investigated  (between 
30%  and  60%).  Moreover,  it  shows  an  increase  in  strength  for 
increasing  density,  which  is  the  expected  behavior  for  cohesion- 
less soils  such  as  those  encountered  at  Niigata. 

I Comparison  of  Index  Properties  Between  the  River  Site  and  the 

Road  Site 

It  has  been  previously  stated  that  the  soil  profile  at 
the  river  site  and  at  the  road  site  are  approximately  equal 
and  therefore  some  other  factors  must  be  responsible  for  dif- 
ferences in  cyclic  strength  behavior  noted  at  the  two  sites 
following  the  Niigata  earthquake.  Similarities  between  the 
two  sites  is  first  shown  in  Fig.  53  which  compares  the  standard 
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Fig.  53  Comparison  of  Standard  Penetration  Values 
at  the  River  Site  and  at  the  Road  Site. 
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penetration  values  as  a function  of  depth.  It  should  be  noted  | 

that  the  surface  elevation  of  the  road  site  was  higher  than  ! 

the  surface  elevation  of  the  river  site.  Also,  the  ground 
water  level  was  2.5m  lower  at  the  road  site  than  at  the 

river  site.  Nonetheless,  borings  indicated  that  both  at  the  ' 

f 

river  site  and  at  the  road  site  the  boundary  between  the 
reclaimed  deposit  and  the  alluvial  deposit  occurred  at  a depth 
of  4 m.  Therefore,  comparisons  of  standard  penetration  blow 
counts  and  index  property  values  for  both  sites  were  made  by 
using  the  boundary  between  the  reclaimed  deposit  and  alluvial 
deposit  boundary  as  a marker  for  both  sites. 

It  may  be  seen  in  Fig.  53  that  Standard  Penetration  values 
are  lower  at  the  river  site  than  at  the  road  site  to  a depth 
of  approximately  8 m.  Below  this  depth,  standard  penetration 
values  are  reasonably  equivalent.  Since  liquefaction  is 
known  to  have  occurred,  the  decreased  penetration  resistance 
at  the  river  site  over  the  road  site  could  possibly  be  due 
to  the  fact  that  this  lower  density  layer  is  actually  a lique- 
fied layer.  Moreover,  the  equivalent  blow  counts  measured 
below  approximately  9 m may  indicate  that  this  zone  remained 
stable  both  at  the  river  and  at  the  road  during  the  Niigata 
earthquake. 

A further  comparison  between  the  river  site  and  the  road 
site  is  shown  first  by  Fig.  54  which  plots  the  mean  soil 
particle  size  and  second  by  Fig.  55  which  plots  the  particle 
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Fig.  55  Comparison  of  Particle  Uniformity  Coefficient 
with  Depth  at  the  River  Site  and  at  the  Road 
Site. 
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uniformity  coefficient  at  the  two  sites  as  a function  of  depth. 
It  may  be  seen  that  the  mean  particle  size  at  the  river  site 
is  slightly  higher  than  the  mean  particle  size  at  the  road 
site.  Nevertheless,  the  mean  particle  sizes  are  all  in  the 
range  for  medium  sands.  Moreover,  the  shapes  of  the  two 
grain  size  curves  are  approximately  equivalent  and  the  uni- 
formity coefficients  for  both  sites  are  reasonably  the  same 
as  shown  in  Fig.  55.  Comparing  these  two  data  implies  that 
differences  in  grain  size  and  shape  characteristics  are  not 
responsible  for  differences  in  measured  soil  behavior  that 
took  place  during  the  Niigata  earthquake. 

Variations  in  estimated  insitu  void  ratio  values  as  a 
function  of  depth  at  the  two  sites  are  compared  in  Fig.  56. 

Data  for  the  river  site  was  obtained  from  density  determina- 
tions made  on  specimens  from  the  large  diameter  sample  while 
data  for  the  road  site  were  obtained  from  density  determina- 
tions made  on  specimens  from  Osterberg  samples.  In  terms  of 
void  ratio,  it  may  be  seen  that  insitu  void  ratios  for  the 
river  and  the  road  sites  are  approximately  equivalent  to  a 
depth  of  8.5  m.  Below  that  point  void  ratios  at  the  road 
are  lower  than  void  ratios  at  the  river. 

However,  Fig.  57  shows  a more  meaningful  relationship 
that  may  be  used  to  compare  the  insitu  density  values  between 
the  river  site  and  the  road  site  by  plotting  relative  density 
as  a function  of  depth.  Here  it  may  be  seen  that  relative 


IBEs? 


I 


density  values  at  the  road  site  tend  to  be  a little  higher 
than  at  the  river  site.  In  terms  of  relative  density, 
both  the  river  and  the  road  seem  to  have  density  values 
on  the  order  of  40%. 

Comparison  of  Cyclic  Strength  Behavior  Between  the  River 
Site  and  the  Road  Site 

The  cyclic  strength  of  soil  specimens  from  the  road 
site  and  from  the  river  site  can  be  compared  in  a number 
of  ways,  such  as  by  comparing  the  cyclic  stress  ratios 
required  to  cause  5%  double  aniplitude  strain  as  a function 
of  the  number  of  cycles  for  equivalent  values  of  relative 
density.  This  has  been  done  in  Fig.  58  which  shows  that 
the  strength  of  specimens  from  both  sites  are  approximately 
the  same  at  high  relative  densities  (greater  than  60%)  but 
that  specimens  from  the  road  site  are  stronger  at  lower 
relative  densities  (less  than  50%).  Nevertheless,  the  trend 
is  not  strong  and  the  difference  in  strength  between  the 
river  and  the  road  site  does  not  seem  too  great. 

Another  way  to  compare  the  strength  of  specimens  from 
the  river  site  and  from  the  road  site  is  by  comparing  the 
stress  ratio  required  to  cause  failure  in  a given  number  of 
cycles  versus  the  relative  density.  This  has  been  done  in 
Fig.  59  where  it  can  be  clearly  seen  that  specimens  from  the 
road  site  are  stronger  than  specimens  from  the  river  site. 
The  reasons  for  this  difference  may  be  due  to  inherent 
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differences  in  the  fabric  between  the  specimens  at  the  river 
and  at  the  road.  The  reason  for  the  fabric  differences  may 
in  turn  be  due  to  the  fact  that  the  soils  at  the  river 
liquefied  during  the  1964  earthquake  while  specimens  at  the 
road  did  not. 

Finally,  it  is  of  interest  to  compare  the  insitu  cyclic 
triaxial  strength  at  the  river  and  at  the  road  sites  as  a 
function  of  depth.  Such  information  is  useful  in  dynamic 
analyses  for  stability  studies  of  structures  that  may  be 
built  at  the  site.  It  also  gives  a measure  of  expected 
differences  in  expected  soil  behavior  at  the  two  sites.  This 
has  been  done  in  Fig.  60  by  plotting  the  stress  ratio  required 
to  cause  failure  in  20  cycles  versus  depth.  It  may  be  seen 
that  to  a depth  of  9 m the  laboratory  measured  cyclic  triaxial 
resistance  to  liquefaction  at  the  river  site  is  approximately 
half  the  value  at  the  road  site.  For  limited  data,  it  appears 
that  for  depths  greater  than  9 m the  cyclic  strengths  of  soils 
at  the  two  sites  may  be  approximately  the  same.  However,  most 
research  indicates  that  liquefaction  at  Niigata  occurred  at 
depths  above  9 m (30  ft.). 

Fig.  60  is  important  because  it  shows  that  even  for  small 
differences  in  SPT  values  and  in  place  relative  density  values, 
the  cyclic  strength  of  soils  at  the  river  site  is  less  than 
the  cyclic  strength  of  soils  at  the  road  site.  This  difference 
in  strength  may  be  due  to  liquefaction  and  subsequent  changes 
in  soil  fabric  that  occurred  at  the  river  site. 
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Fig.  60  Comparison  of  Insitu  Cyclic  Triaxial  Strength 
(Failure  in  20  Cycles)  as  a Function  of  Depth 
at  the  River  Site  and  at  the  Road  Site. 


Distribution  with  Depth  of  Total  Stress  Pore  Water  Pressure  and 
Effective  Stress  a)  at  the  Road  Site  and  b)  at  the  River  Site. 
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To  further  evaluate  reasons  for  the  different  behavior 
exhibited  by  soils  at  the  river  site  and  at  the  road  site, 
it  is  important  to  note  that  there  was  a significant 
difference  in  ground  water  elevation  at  the  two  sites.  This 
would  affect  the  value  of  insitu  stress  as  illustrated  in 
Fig.  61  which  plots  values  of  total  stress,  pore  water 
pressure  and  effective  stress  with  depth  both  at  the  road  and 
at  the  river.  Total  stresses  have  been  calculated  using 
density  values  obtained  from  undisturbed  specimens.  Pore 
water  pressure  values  have  been  calculated  assuming  that 
water  pressures  are  hydrostatic. 

The  effective  stress  values  given  in  Fig.  61  have  been 
multiplied  times  the  stress  ratio  required  to  cause  5% 
strain  in  20  stress  cycles  given  in  Fig.  60  for  any  depth. 

The  resulting  values  in  Fig.  62  plot  the  value  of  cyclic 
axial  stress  in  triaxial  tests  required  to  cause  failure 

(5%  double  amplitude  strain)  in  30  cycles.  The  curve  clearly 
shows  the  effect  of  confining  pressure  at  the  two  sites  and 
confirms  the  initial  conclusion  of  Seed  and  Idriss  (1967) 
that  differences  in  ground  water  levels  or  differences  in 
the  height  of  overburden  significantly  influenced  liquefaction 
behavior  at  Niigata. 

Correction  of  SPT  Values 

It  is  now  generally  recognized  that  it  is  difficult  to 
compare  together  SPT  values  from  different  sites  without 
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Fig.  62  Comparison  with  Depth  of  Cyclic  Triaxial  Axial 


Stress  Required  to  Cause  Failure  in  20  Cycles 
(5%  Double  Amplitude  Strain)  for  the  Road  Site 
and  t.he  Riv^r 


r 


i 

I 

i 
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recognizing  that  N values  are  influenced  by  1)  the  field 
procedures  used;  2)  the  type  of  soil  being  sampled  and 
3)  the  overburden  pressure  (Bowles,  1968).  However,  at 
both  the  river  site  and  at  the  road  site,  SPT  values  were 
obtained  by  the  same  boring  crew  using  the  same  procedure 
in  essentially  the  same  soil  deposit.  Therefore,  any 
influence  of  factors  1)  and  2)  on  N values  can  be  ignored. 

However,  Fig.  61  shows  that  effective  stress  with  depth 
at  the  two  sites  was  not  the  same  because  of  differences  in 
the  ground  water  level.  Moreover,  Gibbs  and  Holtz  (1957) 
have  shown  that  for  two  cohesionless  soils  of  the  same 
density,  the  one  with  the  greatest  overburden  pressure  has 
the  higher  penetration  number.  Based  on  this  finding,  the 
following  N value  correction  was  proposed 


N'  = N 


50 

7"  + lo 


where  N*  is  the  corrected  SPT  test  blow  count,  N is  the 
actual  blow  count  anda^'  is  the  effective  overburden 
pressure  in  Ib/in^. 

Both  actual  N values  (blow  count)  and  corrected  N 
values  as  a function  of  depth  for  the  river  site  and  for 
the  road  site  have  been  plotted  in  Fig.  63.  The  effect  of 
overburden  pressure  is  to  magnify  the  small  difference  in 
actual  N values  to  become  large  differences  in  corrected 
N values  down  to  about  9 m.  At  greater  depths,  both  actual 
and  corrected  N values  are  more  or  less  equivalent. 
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CHAPTER  9 


DISCUSSION,  SUMMARY  AND  CONCLUSIONS 

Standard  Penetration  Tests,  undisturbed  field  sampling, 
laboratory  index  property  tests  and  laboratory  cyclic  triaxial 
strength  tests  were  performed  on  cohesionless  soils  from 
Niigata,  Japan,  to  determine  why  scxne  soil  deposits  failed 
by  liquefaction  while  apparently  similar  deposits  remained 
stable  during  the  1964  earthquake.  A further  goal  of  the 
study  was  to  determine  if  previously  liquefied  soils  would  be 
more  or  less  susceptible  to  liquefaction  in  subsequent 
earthquakes. 

Undisturbed  samples  for  testing  were  obtained  from  two 
relatively  close  together  sites  underlain  by  essentially  the 
same  soil  layer:  a "river  site"  where  there  was  severe  surface 
evidence  of  liquefaction  following  the  1964  earthquake  and  a 
"road  site"  where  surface  evidence  of  liquefaction  was  not 
observed. 

Undisturbed  soil  sampling  was  performed  with  a newly  designed 
Japanese  large  diameter  sampler.  The  appearance  of  samples 
taken  with  the  large  diameter  sampler  were  found  to  be  of  high 
quality.  Samples  showed  precise  layering  with  almost  no  dis- 
turbance of  lenses  of  silt  or  coarse  sand.  Thus,  one  of  the 
advantages  of  this  sampling  technique  is  the  ability  to  obtain 
a large  volume  of  undisturbed  sand  from  below  the  water  table. 


I 
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One  of  the  disadvantages  of  using  the  large  diameter  sampler 


r 

I 


is  the  need  for  earth  anchors  to  provide  a reaction  for  the 
sampling  process.  However,  the  cost  of  these  anchors  may  be  justi- 

't 

fied  for  important  projects  where  large  good  quality  samples 
are  required. 

Undisturbed  soil  samples  were  also  obtained  with  a U.S. 
Osterberg  sampler  so  that  U.S.  and  Japanese  sampling  procedures 
could  be  compared. 

Field  procedures  for  obtaining  small  diameter  specimens 
from  a large  diameter  sample  were  shown  to  be  a meaningful 
way  to  avoid  sample  handling  problems.  This  is  especially 
true  if  field  freezing  is  also  used  to  immobilize  the  fabric 
of  the  soil.  It  was  found  that  field  freezing  with  liquid 
nitrogen  and  storage  of  the  samples  in  dry  ice  was  a convenient 
way  to  handle  and  store  both  large  and  small  specimens.  In 
relatively  clean  soils  which  are  not  susceptible  to  frost 
heave,  such  freezing  does  not  seem  to  significantly  alter  the 
soil  fabric  or  seimpled  density. 

Comparison  of  standard  penetration  test  values,  index 
property  values,  and  cyclic  triaxial  strength  test  values  for 
soils  from  the  two  sites  showed  the  following: 

1.  Insitu  relative  density  values  were  low  at  both  sites 
ranging  between  20%  and  60%.  The  trend  was  for  relative  density 
values  to  increase  with  depth. 

2.  Cyclic  triaxial  strength  values  for  undisturbed  soil 
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specimens  were  not  high.  Cyclic  stress  ratios 
required  to  cause  failure  { defined  as  5%  double  amplitude 
strain)  for  20  stress  cycles  were  on  the  order  of  0.2  for  soil 
specimens  at  an  average  relative  density  of  62%  and  on  the 
order  of  0.14  for  soil  specimens  at  an  average  relative  density 
of  33%. 

3.  There  was  an  increase  in  the  cyclic  strength  of  undis- 
turbed soil  specimens  with  an  increase  in  relative  density. 

For  an  increase  in  relative  density  from  30%  to  60%,  the  cyclic 
strength  (defined  as  the  stress  ratio  required  to  cause  5% 
double  amplitude  strain  in  a given  number  of  cycles)  was 
approximately  doubled. 

4.  At  the  river  site  where  there  was  evidence  of  lique- 
faction in  the  1964  earthqua)ce,  there  was  a tendency  for  cyclic 
triaxial  strengths  to  increase  for  samples  from  increasing 
depths.  This  behavior  is  consistent  with  the  measured  increase 
in  blow  counts  and  the  increase  in  relative  density  with  depth. 

Further,  the  site  shows  low  bPT  values,  low  calculated  relative 
density  values  and  low  cyclic  triaxial  strength  values.  It 
can  therefore  be  concluded  that  the  river  site,  if  unimproved, 
will  show  little  resistance  to  liquefaction  in  future  earthqua)ces. 

5.  Based  on  somewhat  limited  data,  it  appears  that  the 

! 

cyclic  triaxial  strength  of  specimens  from  large  diameter 
samples  and  for  specimens  from  Osterberg  samples  are  reason- 
ably equivalent  when  test  results  were  compared  at  the  same  value 


f 
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6.  There  was  no  significant  difference  in  cyclic  strength 
for  specimens  from  either  the  river  site  or  the  road  site  when 


density.  Nevertheless,  even  though  SPT  resistance  and  insitu 


one  half  the  strength  at  the  road  site  to  a depth  of  about  9 m 


( 30  ft.  ) (Fig.  67).  It  is  generally  believed  that  liquefaction 
occurred  above  this  depth.  This  is  indirect  evidence  that 


ceptable  to  earthquake  induced  liquefaction  than  the  soil  fabric 


7.  SPT  values  and  relative  density  values  are  slightly 
higher  for  the  road  site  than  for  the  river  site.  However, 


did  not  liquefy  during  the  1964  earthquake.  This  difference 
in  behavior  may  in  fact  be  due  to  higher  effective  stress  with 


depth  at  the  river  site,  resulting  from  a lower  water  table  at 


the  road  site  than  at  the  river  site 


8.  In  reviewing  historical  records,  it  appears  that  most 


of  the  severe  earthquake  damage  from  liquefaction  at  Niigata 


occurred  in  areas  that  have  been  reclaimed  by  dumping  sand 
through  water. 


9.  In  performing  this  study,  it  became  clear  that  any 


form  of  sampling,  sample  handling,  or  specimen  preparation  for 
relatively  clean  cohesionless  soils  weakens  the  soil  by  some 
amount.  Therefore,  the  test  results  reported  herein  may  be 
considered  as  a lower  bound  on  expected  field  behavior  of 
soils  from  Niigata. 
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